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Jordan Lake, located in Chatham County in central North
Carolina, was built by the Army Corps of Engineers in 1980 for
flood control and recreational use. Prompted by steadily
growing development in the area with increasing demands on
existing water supplies, Jordan Lake is currently being
considered as a drinking water source for several nearby
communities. Tributaries to Jordan Lake drain industrial and
urban centers, and samples from these sources have
demonstrated toxicity in several bioassays. Elevated
concentrations of metals and the presence of synthetic organic
chemicals in one of the tributaries have raised concerns over
the suitability of the lake as a source of drinking water.
Classified by the N.C. Department of Environmental
Management as eutrophic, Jordan Lake water contains relatively
high concentrations of total organic carbon (TOC) and humic
material. When treated with oxidants and disinfectants, humic
substances may react to form compounds generally referred to
as disinfection byproducts (DBFs). Trihalomethanes (THM), a
class of potentially carcinogenic reaction products from the
chlorination of aquatic humic material, have been regulated in
drinking water by the U.S. Environmental Protection Agency
since 1979. New maximum contaminant levels (MCLs) in drinking
water for these and other DBFs will soon be announced. In
assessing the suitability of Jordan Lake as a drinking water
supply, it is important to determine the possible presence of
2
harmful impurities in the water as well as to evaluate the
potential formation of DBFs from various treatment processes.
The primary objective of this research was to test three
treatment process trains for Jordan Lake water and to compare
the finished water quality from each of the trains.
Conventional surface water treatment consisting of
coagulation, sedimentation and filtration was applied to
samples of the raw water collected during four different
seasons. Part of the filtered water was then disinfected with
chlorine. Another portion was filtered through granular
activated carbon followed by disinfection with chlorine. A
third portion was treated with ozone followed by the addition
of monochloramine. These three processes were applied to four
samples of Jordan Lake water during one year and to four
samples from Falls Lake near Raleigh, N.C., for purposes of
comparison. Falls Lake is currently used as a source of
drinking water for the City of Raleigh. Water quality and
treatment effectiveness were measured in terms of turbidity
reduction, TOC removal, formation of THM and total organic
halides (TOX), and Ames mutagenicity.
The Ames genotoxicity bioassay is a method of assessing the
collective presence of harmful compounds without analyzing for
specific chemicals. Results from this assay indicate a
relative level of genetic mutation potential in the whole
sample rather than from any specific compound. The Ames
bioassay has demonstrated a high degree of sensitivity towards
3
mutagenic compounds associated with raw and treated drinking
waters. Some chlorinated organic byproducts in drinking water
have been found to be mutagenic at nanogram per liter (ng/1)
concentrations. Researchers have used the assay to detect the
presence of synthetic organic chemicals in waters at levels
that are below the limits of detectability by modern chemical
methods of analysis.
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2.0 Background and Theoretical Considerations
2.1 Jordan Lake Watershed
2.1.1 Hydrology
The Jordan Lake watershed encompasses the Haw River basin,
covering 1310 square miles and including large parts of
Guilford, Alamance, Rockingham, Caswell, Chatham and Orange
counties and the Greensboro and Burlington metropolitan
centers (North Carolina Department of Environmental Management
(DEM), 1985a). The tributaries New Hope Creek, Morgan Creek
and Northeast Creek drain a basin of 322 square miles
including sections of Orange, Durham and Wake counties. Figure
2.1 shows the Jordan Lake Watershed. The two basins support
approximately the same average runoff per area, so
essentially 80% of water inflow enters the lake from the Haw
River and 20% from New Hope Creek (Moreau and Challa, 1985).
However, the lake is structured such that about 95% of the
storage pool is in the New Hope arm. When the lake surface is
at 216.0 feet above mean sea level (MSL), it is at the top of
the conservation pool, and volume is estimated by the Army
Corps of Engineers to be 215,130 acre-feet.
Figure 2.2 shows Jordan Lake divided into four geographical
segments. In 1985, Moreau and Challa studied the water
exchanges between these segments for one year of flow records
and simulated the number and volumes of intersegment flows.
Their results estimated that an upstream flow from Segment I
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to Segment II occurred during 2 6% of that year, from II to III
for 23% and from III to IV during 19% of the year. Projecting
the volume of exchanges during the largest backflow period, a
maximum of 8% of Segment I water (Haw River inflow) was
estimated to occur in Segment III (assuming complete mixing).
2.1.2 Water Quality
Jordan Lake was designed by the Army Corps of Engineers as
a flood control measure for downstream communities and for
recreational use. It began filling in 1981 and was
reclassified in October 1983 by the North Carolina
Environmental Management Commission (EMC) as Class A-II, raw
water supply, in order to protect the water quality while
investigations could be undertaken to determine the Lake's
suitability as a drinking water source. Because of the intense
industrial, urban and agricultural use of the watershed, the
water quality in Jordan Lake is succeptible to impact by heavy
metals, synthetic organic chemicals (SOCs), and nutrients from
both point . and nonpoint basin sources. With the
reclassification, the EMC required an evaluation of toxicant
sources in the watershed by the N.C. Department of
Environmental Management (DEM).
2.1.2.a Point-Source Pollution
The Haw River carries effluents from 18 direct industrial
dischargers, 3 minor municipal plants and 7 major municipal
8
dischargers that treat 105 industrial wastestreams. The New
Hope Creek basin receives waters from 3 major municipal plants
that treat 25 industrial effluents, and from 1 industry
directly (DEM, 1985a). Direct and indirect industrial
dischargers to the Haw are by number 50% textile mills, 10%
machinery and metals manufacturers, 8% chemical plants, 2%
tobacco processors and 3 0% miscellaneous. Industries in the
New Hope basin are by number 19% metals and machinery, 12%
chemical manufacturers, 7% tobacco and textiles and 62%
miscellaneous. The DEM monitors dischargers who have National
Pollution Discharge Elimination System (NPDES) permits for
releasing permit-specified concentrations and toxicants in
their effluent streams. "Toxicants" refers to substances that
cause toxicity in a bioassay and thus includes heavy metals
and SOCs that may not be on the NPDES permit. Of the 169 NPDES
permits in the Jordan Lake watershed, 25 permitted dischargers
are known sources of toxicants, mostly heavy metals such as
chromium, cadmium, copper and zinc (DEM, 1985a). Figure 2.3
shows the locations of the 1985 NPDES permit holders in the
watershed. SOC analyses conducted by the DEM in 1984 on the
effluents from the East and South Burlington and Durham City
WWTPs all resulted in no compounds detected.
2.1.2.b Nonpoint-Source Pollution
Metals detected in the Jordan Lake watershed have been
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land use in three of the major urban areas in the basin
accounted for urban sources of almost all deposited lead, 50-
75% of the copper and 70-95% of the zinc measured in the
waters, as well as significant amounts of the detected
cadmium, arsenic, chromium, mercury and nickel. Pesticides
from agricultural areas adsorb to soil particles and are
deposited in streams and rivers by erosion and stormwater
runoff (DEM, 1985a). The U.S. Soil Conservation Service
estimated the amount of highly erodible (defined as greater
than 12 tons erodible soil per acre) agricultural land in the
Jordan Lake watershed to be 8.2% of the Haw River basin and
2.7% of the New Hope Creek basin (DEM, 1985a). The growing
development in the watershed may cause these percentages to
rise with increased forest clearance for agriculture and
construction, higher loading rates of stormwater runoff to
soils from impervious surfaces, and a greater impact from new
highways and traffic. These sources of nonpoint pollution
increase the rate of soil deposition into streams along with
the concentration of anthropogenic compounds adsorbed onto
soil particles. Thus it can be expected that non-biodegradable
pesticides and other anthropogenic matter are being deposited
into the sediments of the rivers and eventually into Jordan
Lake.
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2.1.2.C Stream and Lake Measurements
Prior to 1980, heavy metal concentrations in tributary
streams often exceeded water quality standards; measurements
in the last decade indicate significant reductions in metals
concentrations due to wastewater treatment plant improvements
and industrial pre-treatment processes (DEM, 1985a). The DEM
analyzed Haw River water in 1983 for SOCs and identified 52
compounds including EPA priority pollutants trichlorobenzene,
toluene and naphthalene at low ug/1 to unquantifiable
concentrations. Toxic biocides discovered in the Haw River in
1983 were identified by the DEM as triorganotin compounds
common to textile mills. However, three SOC analyses of Jordan
Lake in 1983 and 1984 resulted in no detectable compounds, but
one analysis by the DEM in 1985 recorded 7 unidentified
compounds in water collected from Segment I.
The Triangle Area Water Supply Monitoring Project is a
comprehensive water quality study of six water supply
reservoirs including Jordan and Falls Lakes. The project is a
joint effort of Chatham, Durham, Johnston, Lee, Orange and
Wake counties through the Triangle J Council of Governments
(TJCOG). The U.S. Geological Survey (USGS) and N.C. Department
of Natural Resources and Community Development (NRCD) began
collecting water and sediment samples at 32 stream and
reservoir sites in October 1988 and will continue monitoring
for nutrients, metals, bacteria and SOCs for three years
(USGS, 1988). Results of the first year's sampling showed that
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metals in Jordan Lake were safely below water quality
standards and nutrients such as phosphorus were similar in
concentrations to previous years (TJCOG, 1989).
Trihalomethanes were measured at 5 to 8 ug/1 downstream from
wastewater treatment plants indicating the presence of
chlorinated organic compounds. One or more of the pesticides
diazinon, lindane and dieldrin were detected at levels up to
0.2 ug/1 in 34 out of 74 total samples and in 9 of 10 samples
collected from the Haw River near Bynum. The North Carolina
water quality standard for lindane is 0.01 ug/1 and for
dieldrin it is 0.002 ug/1; there is presently no standard for
diazinon. The same samples collected from the Haw River
contained several undifferentiated alkanes and polyaromatic
hydrocarbons in the 10 ug/1 range.
2.1.3 Comparison to Falls Lake Watershed
Falls of the Neuse Lake, hereafter referred to as Falls
Lake, is located in Durham and Wake Counties, N.C., and is
part of the Upper Neuse River system. Tributaries to Falls
Lake include the Eno, Flat and Little Rivers and Ellerbe and
Knapp of Reeds Creeks. The Falls Lake watershed covers 77 0
square miles and 10,703 acres (DEM, 1985b). Figure 2.4 shows
the locations of NPDES dischargers in the watershed in 1985.
Point source dischargers to Falls Lake include Durham
Northside wastewater treatment plant via Ellerbe Creek, City
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the Eno River, and the John Umstead Hospital via Knapp of
Reeds Creek. Falls Lake currently serves as the primary
drinking water source for the City of Raleigh, N.C.
Jordan and Falls Lakes are similar in terms of hydrology,
nutrient loading and non-point source pollution. Classified as
hyper-eutrophic by the DEM in 1985 based on total phosphorus,
total nitrogen, secchi depth and chlorophyll a content. Falls
Lake ranked as the most eutrophic lake in N.C. that year.
Jordan Lake was similarily classified and ranked the third
most eutrophic lake in N.C. by the same survey (North Carolina
Department of Natural Resources and Community Development,
1986) .
2.2 Chlorination of Drinking Water
The discovery of the formation of organic contaminants in
drinking water due to chemical reactions between the
disinfectant and organic material in the water has led to over
a decade of research on disinfection byproducts (DBFs).
Research has been aimed at discovering the composition and
formation routes of DBFs, associated health risks, and
precursor structures and their removal. In 1979, the U.S.
Environmental Frotection Agency (USEFA) amended the Interim
Drinking Water Standards to include a maximum contaminant
level (MCL) of 100 ug/1 for total trihalomethanes (THM), a
group of potential carcinogens that may represent up to 3 0% of
the halogenated organic products in chlorinated drinking
15
water. Amendments to the Safe Drinking Water Act were added in
1986 that require the USEPA to set new MCLs for drinking water
DBFs based on health effects research. Although the new
requirements were scheduled to be published in 1991, the EPA
has postponed final regulations until more definitive research
can be completed concerning the chemical makeup, toxicological
effects and control methods of DBFs created by chlorine and
alternative disinfectants, and until a balance between the
chemical and microbial risks from the application of
disinfectants can be evaluated.
2.2.1 Free Chlorine Chemistry
Chlorine is usually applied in water treatment processes as
a gas (CI2) . It is quickly and completely converted in water
to hypochlorous acid (HOCl) as follows:
CI2 + H2O =  HOCl + H+ + CI"       (2.1)
Equation 2.1 has a rate constant at 25°C of K21 = 0.1 1 molds'
(Morris, 1966). Hypochlorous acid is in equilibrium with the
unprotonated hypochlorite ion (OCl) as shown in Equation 2.2;
the pKa for this relationship at 25°C is 7.5.
HOCl  =  H+ + OCr (2.2)
Hypochlorous acid reacts with organic matter by accepting
electrons from the substrate through oxidative reactions, by
substituting onto a compound at a carbon or nitrogen site or
by addition into compounds containing reactive double bonds
(Jolley, 1973). Direct oxidation reactions break down organic
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matter, particularly carbohydrate-related compounds, into
nitrogen and carbon dioxide gases and carboxylic acids
(Johnson and Jensen, 1986) . Direct oxidations account for 50-
80% of the chlorine consumption and are responsible for the
effectiveness of chlorine as a strong disinfectant (Hileman,
1982). The formation of C-chlorinated or N-chlorinated
compounds by substitution reactions, especially with humic and
other aromatic compounds, has been the subject of extensive
research since the discovery of trihalomethanes in drinking
water by Rook in 1974.
2.2.2 Reactions with TUnmonia
When chlorine is added to a water that contains ammonia, or
vice versa, the chlorine and ammonia rapidly react to form
chloramines such as monochloramine  (NHjCl),  dichloramine
(NHClj) , and trichloramine or nitrogen trichloride (NCI3) . The
species, together referred to as combined chlorine, occur
simultaneously as described by Equations 2.3 through 2.5; the
distribution is dependent on the chlorine to ammonia-N ratio
(Cl2:NH3-N), chlorine dose, temperature, and pH.
NH3(aq) + HOCl  =   NHgCl + Up (2.3)
NH2CI + HOCl    =   NHCI2 + HgO       (2.4)
NHCI2 + HOCl    =   NCI3 + H2O        (2.5)
The effect of the chlorine to ammonia ratio on chloramine
speciation between pH 6 and 9 is depicted in Figure 2.5 and is
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the theoretical reactions that would occur without interaction
from organic compounds in the water; the solid line describes
speciation in a real water with organic reactions. At chlorine
to ammonia-N molar ratios less than one, the chlorine is
rapidly converted to monochloramine according to Equation 2.3.
The rate constant for this reaction at 25°C and pH 8.0 is Kjj
= 4.6 X 10^ L mol'''s"'' (Weil and Morris, 1949) . This reaction is
most rapid at pH 8.5 and is complete in about 1 minute.
Between molar ratios of 1 and 1.5 more chlorine is
available to substitute onto the already-formed
monochloramine (Equation 2.4). Dichloramine is formed more
slowly than monochloramine with a rate constant Kg 4 = 2.7 x
10^ Lmol'''s''' at 20°C (Morris, 1967) . Dichloramine is less
stable than monochloramine and decomposes by the following
simplified reaction:
2 NHClj + HjO = N2 + HOCl + 3H* + 3Cl' (2.6)
Some nitrate is also formed in this decomposition (Morris,
1967). The residual total chlorine decreases as more added
chlorine proceeds through reactions 2.3, 2.4 and 2.6 until the
minimum total chlorine residual, or "breakpoint," is reached.
The theoretical breakpoint occurs at a CljiNHj-N molar ratio
equal to 1.5 at which no chlorine residual is'found. In real
waters, the breakpoint ratio is closer to 2 because some of
the ammonia is oxidized to nitrate directly. Furthermore, some
chlorination reactions with organic compounds occur more
rapidly than the chloramine formation reactions, causing the
breakpoint to occur at ratios that are greater than 2.
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As more chlorine is added beyond the breakpoint, the
ammonia has been entirely converted to N2 and the total
chlorine residual occurs as free chlorine. Nitrogen
trichloride is formed according to Equation 2.5 when the
Cl2:NH3-N molar ratio is greater than 2 and the pH is less than
7.5 (Jolley and Carpenter, 1983). In a real water, the total
chlorine may also include some organic chloraraines that were
not oxidized by the free chlorine (Scully, Yang and Mazina,
1984) .
2.2.3 Reactions with Bromide
Bromide exists in most natural fresh waters at low
concentrations (<100 ug/1), but it is found at higher
concentrations in brackish water, seawater and in some
industrial effluents. Bromide is quickly oxidized by chlorine
to form hypobromous acid with a rate constant at pH 8 and 25°C
of 2.95 X 10^ L mol'^'s"'" (Farkas, et.al., 1949):
HOCl + Br'  =  HOBr + Cl' (2.7)
The bromine species Brj, HOBr and OBr' are distributed
according to the system pH similar to the distribution of
chlorine. However, Brg is present in neutral pH regions and
HOBr and OBr" are equimolar at pH 8.7 and 25°C (Jolley and
Carpenter, 1983). _
Hypobromous acid reacts with ammonia to produce bromamines
at much faster rates than chloramine formation. Contrary to
the relative stability of monochloramine,  five mg/1 of
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monobromamine has a half life of 19 hours at pH 8 and 25°C.
Dibromamine has a half-life under the same conditions of 3 0
minutes (Jolley and Carpenter, 1983).
2.2.4 Reactions with Natural Organic Material
In order to quantify the amount and types of chlorinated
organic reaction products in natural waters, researchers have
characterized precursor structures that are targets for these
reactions. About half of the dissolved organic carbon in
terrestrial streams is present as humic substances,
hydrophobic macromolecular structures from plant diagenesis
(Jolley and Carpenter, 1983). About 25% of the total carbon is
arranged in aromatic structures that researchers feel may be
most responsible for chlorine consumption (Rook, 1977; Norwood
and Christman, 1987; Reckhow et al., 1990).
Fulvic and humic acids comprise the majority of humic
material in most surface waters. Fulvic acids have molecular
weights in the range of 100 to 1000 and are more highly
concentrated in most surface waters than the much larger humic
acids with molecular weights greater than 10,000 (Trussell and
Umphres, 1978; Collins et al., 1986). Humic acids have been
found to produce higher yields of TOX and THM than fulvic
acids (Babcock and Singer, 1979; Oliver and Thurman, 1983;
Reckhow and Singer, 1984) proposed to be due to the greater
number of reactive sites on the larger humic acid molecule
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(Peters et al., 1980). However, humic acids are usually a
small percentage of the total humic material and may be easier
to remove by conventional treatment methods than the smaller
fulvic acids (Babcock and Singer, 1979; Collins et al., 1986).
In an investigation of chlorination products of humic and
fulvic acids, over 100 reaction products, not all containing
chlorine, were identified (Christman et.al., 1983). A later
study found similar chlorination products from fulvic acid and
implicated reactive phenolic structures that undergo ring
rupture as primary precursor structures for organohalide
formation (Norwood and Christman, 1987).
2.2.5 Chloro-Organic Byproducts and Relationships
While the chemical structure of organic material in the
water may help predict chlorinated byproduct formation,
relationships between the byproducts and chlorination
conditions may also aid in estimating byproduct types and
quantities. Specific byproducts that have been isolated in
chlorinated drinking waters include the volatile THM,
haloketones (HK) such as 1,1,1-trichloroacetone (TCAC),
(Suffet et al., 1976), and haloacetonitriles (HAN) such as
dichloroacetonitrile (DCAN) (Oliver, 1983); and the
nonvolatile compounds trichloroacetic acid (TCAA),
dichloroacetic acid (DCAA), dichlorosuccinic acid (DCSA),
dichloromalonic acid (DCMA) and chloral hydrate (CH) (Quimby
et al., 1980; Christman et al., 1983; Miller and Uden, 1983).
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Together, these compounds account for up to 5 0% of the total
organic halogen concentration (TOX) in chlorinated drinking
waters. Reckhow and Singer (1990) chlorinated raw drinking
waters from several cities at pH 7, a chlorine dose of 2 0 mg/1
and a reaction period of 72 hours. On the average, the waters
consumed 2 mg chlorine per mg TOC in the sample under these
conditions. An average 23% of the chlorine consumed became
incorporated into the TOX. The major chlorination products
comprised the following average percentages of the TOX: THM,
22%; TCAA, 17%; DCAA, 7%; and TCAC and DCAN, 0.7%. Finished
waters from the same treatment plants had similar average
product percentages of the TOX: THM, 23%; TCAA, 11%; DCAA, 9%.
The distribution and quantities of chlorinated compounds
produced depends on several parameters including the chlorine-
to-carbon ratio, free chlorine contact time, system pH and
temperature, and background concentrations of ammonia and
bromide. Important observations made by several researchers
about the interrelationships between these parameters are
summarized below.
Increasing the chlorine-to-carbon molar ratio beyond 0.1,
Reckhow and Singer (1984) observed a sharp increase in TOX,
chloroform (CHCI3) and TCAA up to a molar ratio of 1.0, then
a much slower increase of all the species at higher molar
ratios. DCAA increased to about the same concentration
regardless of the ratio. Miller and Uden (1983) found that
unidentified high molecular weight compounds were formed at
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chlorine-to-carbon molar ratios up to 2.0, but were broken
down at the higher ratio of 5:1. Other products appeared only
at high chlorine-to-carbon ratios indicating the prerequisite
of rigorous oxidation for formation.
Reckhow and Singer (1984) observed a similar trend in TOX,
THM and TCAA formation by lengthening the free chlorine
contact time as by increasing the chlorine-to-carbon ratio:
rapid formation in the first few hours followed by a slower
steady-state rate of formation. CHCI3 became a larger
percentage of the TOX from 9% after 30 minutes to 27% after
3 00 hours. TCAA increased at the same rate as the CHCI3 for 12
hours, then slightly decreased. DCAA remained 5-6% of the TOX
during the entire 3 00 hours. DCAN increased for 3 0 hours, then
decreased to below detection at 170 hours. In Miller and
Uden's experiment (1983), nearly 90% of the final
concentrations of TCAA, DCAA, CHCI3 and CH were attained
within 24 hours.
The general effects of pH noted by Reckhow and Singer
(1984) are decreasing TOX with increasing pH, increasing CHCI3
with increasing pH, and higher formation of TCAA and DCAA at
low pH. Miller and Uden (1983) reasoned that HOCl is a much
stronger oxidant than OCl'. More highly oxidized chlorination
products such as TCAA may be expected at pH values below the
pKg for HOCl of 7.5. The formation of CHCI3 is a base-catalyzed
reaction that is not as dependent on the oxidation of fulvic
material and is thus more greatly produced at higher pH
24
values. Chloral hydrate is unstable at high pH values and
decomposes to produce CHCI3. Krasner et al. (1989) observed
the degradation of HAN, HK, CH and possibly cyanogen chloride
at high pH values. Reckhow et al. (1990) observed that the TOX
produced in humic and fulvic acid solutions at pH 12 was only
about 50% of the TOX created at pH 7. They also noticed that
when chlorination was at pH 12, the same fraction of TOX as
trichloromethyl species was shifted from mostly TCAA at pH 7
to mostly CHCI3. They proposed that as the degree of
protonation of a compound shifts with increasing pH, a change
in reaction mechanism from chlorine substitution to oxidation
may occur. This is evidenced by the reduced reactivity of
humic substances at high pH and decreased production of TOX.
The reduction of TOX observed at high pH may also be due to
destruction of C-Cl bonds from base-catalyzed hydrolysis.
Fleischacker and Randtke (1983) noted a stronger increase
in CHCI3 than TOX with increasing temperature. They predicted
that at lower temperatures the TOX is comprised of mostly
CHCI3 intermediates. Oliver (1980) observed a similar quantity
of THM produced between a heated sample that was chlorinated
at pH 7 and a sample chlorinated at ambient temperature at pH
11.
Several researchers have attempted to quantify the
incorporation of raw water bromide into THM production and to
explain the competitive reactions between HOBr and HOCl.
Minear and Bird (1980) found a nonlinear increase in THM
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production with increasing bromide concentrations. They also
observed a shift from CHCI3 as the largest fraction of the THM
at raw bromide levels less than 0.1 mg/1 to bromoform (CHBrj)
dominance at bromide concentrations greater than 1.0 mg/1.
Because the bromide requires oxidation by HOCl, the chlorine
demand may be significantly increased in the presence of high
bromide concentrations. Luong et al. (1982) found the chlorine
consumption increased up to 50% in waters containing natural
bromide.
2.2.6 Models
Several models have been developed by researchers in order
to help predict and quantify byproduct formation. In 1981,
Singer et al. found excellent correlations between the raw
water TOC, UV-absorbance (2 54 nm) and THM formation potential
(THMFP). Edzwald et al. (1985) also noted that raw water UV-
absorbance correlated well with THMFP and TOC, and that the
relationship was unique to each water source and chlorination
conditions. For example, a unique correlation was observed for
the THMFP of the same fulvic acid at each different pH.
Reckhow and Singer (1984) observed a strong correlation
between THMFP and TOXFP and found that about 220 ug TOX were
produced per mg TOC at pH 7 when chlorinated with 5 mg
chlorine per mg TOC and reacted for 72 hours. Under these same
conditions, CHCI3 comprised about 2 0% of the TOX for a variety
of chlorinated fulvic and humic acids. Singer and Chang (1989)
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analyzed byproduct formation at 7 treatment plants and also
found an excellent correlation between THMFP and TOXFP.
Instantaneous THM correlated well with instantaneous TOX,
suggesting that for conventional surface water treatment
plants that apply coagulation and filtration, THM (ug/1) =
0.3 5 TOX (ug/1).
Oliver and Thurman (1983) correlated physical
characteristics with the THMFP of several fulvic acids and
found strongest relationships between THMFP and both molecular
size and color. Molecular size and color also correlated well
with each other, indicating increasing color with humic
molecule double bond conjugation. A weak correlation between
THMFP and phenolic content disputes the theory that THM
precursor structures are most likely high in phenolic content
and suggests instead that they are highly conjugated aromatic
ring systems.
Amy et al. (1987) developed two models, a multiple linear
regression model with logarithmic transforms and a nonlinear
regression model, to predict THM formation based on UV-
absorbance, TOC, chlorine dose, reaction time, temperature, pH
and bromide level. Over 1000 data points were used to
calibrate the models and a sensitivity analysis of parameters
and model verification using outside data were performed. The
models predicted THM formation within 20% of measured values
except at extremely high or low THM production. The models are
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useful to simulate the THMFP of untreated waters and to
predict the effect of reaction time on THM formation.
Rechkow et al. (1990) investigated chlorinated byproduct
formation from 10 aquatic humic and fulvic acids and attempted
to relate structural characteristics of the humic material to
byproduct yields and chlorine consumption. A model was derived
to estimate the probable number of activated aromatic rings
that undergo chlorination substitution reactions. The percent
chlorine incorporated into TOX was modelled stoichiometrically
taking into account chlorine consumed by activated aromatic
rings and nitrogenous compounds. The TOX production from
fulvic acid was predicted very well by these models (r^=0.96) .
Good correlations were made between the ratio of TCAAFP to
THMFP and UV-absorbance (2 54 nm) , and between DCANFP and
organic N.
2.3 Removal of Natural Organic Material by Coagulation
Surface water treatment plants in the United States have
traditionally used the conventional process combination of
coagulation, sedimentation, filtration and chlorine
disinfection to effectively remove particulate matter and to
inactivate pathogens. Currently, process design and operation
is evolving to achieve more efficient removals of high
molecular weight organic material that may react with
disinfectants to produce potentially carcinogenic disinfection
by-products (DBPs). Conventional coagulation and filtration
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can be optimized to achieve average reductions of natural
organic material of greater than 50%, substantially lowering
the amount of disinfectant required and the concentration of
DBFs in the treated effluent.
Babcock and Singer (1979) found that aquatic fulvic acid
solutions required more alum for coagulation and resulted in
lower removals of TOC than humic acid solutions. Coagulation
of both the humic and fulvic acid solutions resulted in a 70%
reduction in chloroform formation, leading the authors to
conclude that chloroform precursors were selectively removed
by alum coagulation. The color in fulvic acids has been
correlated with aromaticity and with THMFP (Oliver and
Thurman, 1983) , suggesting that color removal by coagulation
of solutions containing fulvic acids may indicate THM
precursor removal. Chadik and Amy (1983) also noted greater
removals of THMFP than TOC in various natural waters by
coagulation. High reductions in UV-absorbance (310 nm)
following coagulation indicated that humic acids with more UV-
absorbance and greater THMFP were preferentially removed over
fulvic acids that have low UV-absorbance and less THMFP.
Waters of low alkalinity (<20 mg CaCO^/l) were effectively
coagulated by charge neutralization at low alum doses and at
pH 5, whereas high alkalinity sources (>300 mg CaCO^/l)
required larger alum doses at pH 6-7 for removal by aluminum
hydroxide precipitation. A higher amount of THMFP was removed
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by charge neutralization at lower alum doses than by sweep
floe precipitation at higher doses and pH.
Reckhow and Singer (1984) evaluated the preferential
removal of chlorination byproduct precursors by alum
coagulation of a fulvic acid and a natural water and ranked
compound removability from greatest to least as follows: UV-
absorbing substances, dichloroacetonitrile (DCAN) and
trichloroacetonitrile (TCAN) precursors, dichloroacetic acid
(DCAA) precursors, TOX precursors, THM precursors, TOC and
chlorine demand, and 1-1-1-trichloroacetone precursors. Singer
and Chang (1989) determined that precursor removals at 7 water
treatment plants averaged 51% for TOC, 47% for THMFP and 49%
for TOXFP.
Jodellah and Weber (1985) coagulated river water and found
that higher doses of alum were necessary to achieve similar
TOC reductions than for humic and fulvic acid solutions.
Although TOC removal increased with greater alum doses, the
THMFP reduction decreased, indicating that THM precursor
removal does not always parallel TOC removal. The authors
concluded that coagulation of the water produced an altered
organic speciation that responded differently to chlorination
than the untreated water.
Collins et al. (1986) characterized several waters before
and after treatment in terms of their molecular weight
distribution, humic substance content and functional group
carboxylic acidity. Their results agreed with past findings of
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the preferential removal of humic acids over fulvic acids by
showing a high reduction in organic matter with molecular
weight greater than 5000 (humic acids) but ineffective
removals of organic substances with molecular weight less than
500 (fulvic acids). Their results also concur with those of
others in the preferential removal of UV-absorbing substances
(humic material) and a higher percent removal of THMFP than
TOC. The authors separated the treated and untreated waters
into hydrophobic and hydrophilic fractions, accounting for at
least 95% of the organic carbon. The hydrophobic fraction
represented humic material and 85-100% of the color in the
waters, while hydrophilic substances made up the non-humic
organic portion of the aquatic material. The hydrophilic
fraction contributed up to 65% of the nonvolatile TOC (NVTOC)
and 56% of the THMFP, and was more difficult to remove than
the hydrophobic organic material. Finally, carboxylic acid
content was determined for the treated and untreated waters
since the acidic functional groups have a charge density that
affects the electrostatic attraction mechanism of coagulation.
The authors found that the low molecular weight fractions
corresponded to higher carboxylic acidities and were therefore
more difficult to destabilize by coagulation. This concurs
with the higher doses of alum required for effective fulvic
acid coagulation initially reported by Babcock and Singer
(1979).
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2.4 Removal of Natural Organic Material by Granular Activated
Carbon
Granular activated carbon (GAC) has received wide attention
for its effective removal of synthetic organic chemicals from
industrial effluents and drinking waters. The adsorption
capacity and removal efficiency of a GAC contactor may be
optimized by controlling process conditions such as
characteristics of the carbon adsorbent, treatment of the
water prior to application to the GAC bed, pH and biological
activity.
GAC has several physical and chemical properties that
affect its adsorption rate and capacity. Pore sizes of the
carbon particle determine the surface area and number of
active sites for adsorption. The pore size distribution
affects the capacity of the bed and exclusion of some large
adsorbates. Because most of the adsorption occurs in the pore
spaces, an even distribution of pore sizes throughout the bed
assures that a wide range of adsorbates with different
molecular configurations will be retained. The surface
chemistry of the carbon particles affects its affinity for
specific compounds. Functional groups commonly found on the
carbon surface are carboxylic, phenolic, hydroxyl, carbonyl
and peroxide groups (Ishizaki, 1973); their distribution is
dependent on the original source of carbon which is usually
bituminous coal, lignite or petroleum coke. These functional
groups may be oxidized by chlorine, ozone, permanganate or
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oxygen, causing the surface to become polar and attract water
molecules. The adsorption of water decreases available sites
for organic compounds and blocks pore openings, lowering the
overall capacity (McGuire and Suffet, 1978) . Grain size
distribution affects the build-up of headless through the GAC
bed, and carbon hardness helps to lengthen the life of the
GAC, minimizing troublesome carbon fines that are broken off
during operation and reactivation.
The tendency of different compounds to adsorb on GAC
depends on their concentration and on the matrix of other
compounds that are competing for the same sites. Isotherms may
be developed for individual compounds or surrogate groups of
compounds such as TOC; an isotherm describes the equilibrium
concentration of adsorbate on the GAC surface as a function of
the bulk equilibrium concentration of adsorbate in solution.
Readily-adsorbed organic compounds include aromatics and
chlorinated aromatics, phenols, pesticides, herbicides and
high molecular weight hydrocarbons. Poorly adsorbed organics
are alcohols, sugars, low molecular weight ketones, acids and
aliphatics, and very high molecular weight compounds or
colloidal organics (Froelich, 1978).-
Humic substances are generally poorly adsorbed because they
are usually of molecular weight that is high enough to be
excluded from smaller GAC pores. McCreary and Snoeyink (1980)
found that adsorption of humic material was enhanced at low
pH, but was dependent on the specific source of humic
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substance. Lee et al. (1981) observed that alum coagulation
before GAC application increased the capacity and rates of
adsorption for fulvic and humic acids. They noted that the
higher molecular weight fractions of these solutions that are
not well adsorbed were significantly reduced by coagulation,
resulting in greater access of the lower molecular weight
material to carbon pores that would otherwise be blocked by
the higher molecular weight substances. Lengthening the empty
bed contact time (EBCT) increases the adsorption of humic
materials by allowing more time for compounds that adsorb more
slowly. Because humics encompass a wide range of organic
compounds, competition for active sites on the carbon may
result in desorption and release of a less sorbable compound
for favored sorption of another. Thus, it is important to
monitor the effluent for increased concentrations of specific
contaminants, especially those that are not preferentially
adsorbed.
GAC provides an excellent medium for microbiological
activity because of the number of sites for attachment and the
organic substrate for microbial growth provided by the
influent water. Although biological growth decreases
adsorption capacity by blocking active sites, microbial
processes degrade compounds into more soluble, polar and
biologically inert substances. To achieve maximum adsorption,
it is necessary to periodically reactivate the carbon and more
frequently minimize biological growth through disinfection.
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Both of these processes can be expensive and require removal
of the contactor from service. In Europe, many plants have
chosen instead to optimize conditions for biological growth in
the GAC bed, resulting in reasonable organic removals and
longer times between carbon reactivations. There is some
concern in the United States, however, that microbes may be
released into the filter effluent and may not be adequately
destroyed by disinfection, or may result in the production of
harmful disinfection byproducts.
2.5   Ozone   and   Monochloramine   as   Alternative
Oxidant/Disinfectants to Chlorine
2.5.1 Ozone
Ozone has been applied for water treatment in Europe since
the early part of the twentieth century, and more recently in
the United States, to achieve disinfection without the
formation of chlorinated organic byproducts. Ozone can react
with compounds in solution by direct molecular activity or by
indirect radical reactions (Hoigne and Bader, 1977) . Molecular
ozone is unstable in water. Decomposition of ozone is first
order with respect to the concentration of hydroxide ion (OH")
and molecular ozone concentration in the presence of radical
scavengers that prevent secondary reactions.
The hydroxyl radical (OH) is a powerful oxidant that reacts
with compounds indiscriminantly and rapidly. It may react with
aliphatic acids,  aldehydes and less activated aromatic
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compounds, resulting in hydroxylated species that may react
more quickly with molecular ozone than their parent compounds.
Free radical reactions may be induced by initiating favorable
conditions such as high pH, UV light exposure or the addition
of hydrogen peroxide; systems employing such combinations are
referred to as advanced oxidation processes and are very
effective in destroying compounds resistant to oxidation by
molecular ozone such as trihalomethanes (Glaze et al., 1982).
Conversely, by maintaining a high concentration of radical
scavengers such as bicarbonate or operating at acidic pH,
direct molecular ozone reactions are favored over free radical
reactions and may be directed toward a more selective group of
compounds. For example, Reckhow et al. (1985) observed lower
organohalide formation in chlorinated fulvic acid solutions
that were ozonated in the presence of bicarbonate than without
bicarbonate, indicating that direct ozone reactions were more
effective in organohalide precursor destruction than free-
radical reactions.
In natural waters, ozone initially reacts with humic
material at sites with carbon double bonds, electronegative
atoms such as N, P, 0 and S, complexed metals such as iron,
and ortho-activated aromatic rings (Glaze, 1986). Humic
substances can initiate free radical reactions that may be
impeded by the presence of bicarbonate in the water. The
nature of the direct and indirect reactions and their
byproducts are dependent on the humic material in the water,
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the ozone dose and contact time, and the presence of radical
initiators and scavengers. Under general treatment conditions,
ozonated humic material is not fully oxidized, resulting in
raacromolecular structures and ring-cleavage products that are
more hydroxylated, polar, biodegradable and of lower molecular
weight than the parent compounds (Singer, 1990) .
Possible ozonation byproducts that may have potential
health effects include organic peroxides, hepatotoxic
unsaturated aldehydes, and potentially carcinogenic epoxides
(Glaze, 1986) . Formaldehyde, a low molecular weight carbonyl
compound, has been detected in several ozonated surface waters
(Jacangelo et al., 1989; Glaze et al., 1989). Ozone oxidizes
bromide in raw water to hypobromous acid which then can form
bromate and bromo-organic compounds such as bromoforra
similarily to reactions following chlorine oxidation.
Preozonation followed by chlorination may enhance chloropicrin
formation (Hoigne, 1989), and preozonation followed by
chloramination has been shown to increase cyanogen chloride
production (Jacangelo et al., 1989).
Ozonation may be placed at various positions in the
treatment line to fulfill different objectives; the
effectiveness of ozone at any position is dependent on the
specific water quality and treatment processes employed and
should thus be investigated prior to permanent installation in
a process regime. Preozonation is employed for TOG reduction
prior to coagulation or direct filtration, for the oxidation
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of reduced iron and manganese and taste and odor compounds,
and as a coagulant aid (Singer, 1990).
Ozone increases the biodegradability of compounds in water
and may thus promote biological activity in downstream
processes or in the distribution system. When applied prior to
filtration, the filter media provides a stable environment for
biodegradation and prevents potential downstream regrowth
problems. Ozone followed by activated carbon filtration is
termed biological activated carbon (BAG) and is used by many
plants in Europe. This system relies on the partial oxidation
of compounds with ozone and further degradation by
microorganisms in the filter, as well as by adsorption on the
carbon. Effective removals of TOG, chloro-organic precursors
and chlorine-demanding impurities have been demonstrated by
degradation processes, enhancing the adsorptive capacity of
GAG (Rice, 1980), thereby reducing the frequency and cost of
carbon reactivation.
Ozone is toxic to microorganisms due to its oxidative and
free-radical reactivity; thus, it is a very effective
disinfectant. However, the use of ozone as a disinfectant is
limited by its rapid decomposition, resulting in no downstream
residual disinfection capacity. Furthermore, ozone generates
biodegradable products that may cause regrowth problems in the
distribution system. Thus ozonation must be followed by the
addition of a disinfectant with a long-term residual.
Molecular ozone may not adequately destroy THM precursors at
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doses commonly applied in water treatment practice (Chang and
Singer, 1991); thus, post-chlorination of preozonated waters
may produce undesirable quantities of THM. Monochloramine,
which produces lower concentrations of THM than chlorine, is
a more appropriate disinfectant to follow ozonation in waters
with high THMFP.
2.5.2 Inorganic Chloramines
Since the regulation of THM (EPA, 1979), monochloramine has
been used as an alternative drinking water disinfectant to
free chlorine in order to reduce THM production.
Monochloramine is reasonably stable in water at neutral pH and
thus provides good residual disinfection in a distribution
system. Chlorine and monochloramine both destroy
microorganisms by disrupting the integrity of the cell
membrane. A much higher concentration of monochloramine is
required to achieve the same pathogenic kill as chlorine for
most microorganisms. However, equivalency may be attained by
extending the contact time of the monochloramine.
Byproduct formation from chloramination has not been well
researched. It is commonly understood that while chloramines
do not produce the high concentrations of THM that chlorine is
capable of, substantial amounts of chlorinated compounds
represented by TOX are created. Fleischacker and Randtke
(1983) compared the products of chlorine and monochloramine in
fulvic and humic acid solutions and found 8 to 2 0% as much
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nonpurgeable total organic chloride (NPTOCl) from
monochloramine as that formed by the same doses of chlorine.
Up to 10 mg/1 of monochloramine added to a fulvic acid
solution of 3 mg/1 TOC at pH 7 resulted in <1 ug/1 chloroform
after 100 hours, with up to 86 ug/1 TOCl produced. Five real
waters were chloraminated and yielded less than 2 ug CHCI3 as
Cl"/mg TOC and 12-52 ug TOCl/mg TOC. Good mixing of ammonia
and chlorine is an important pre-requisite for limiting
byproduct formation from monochloramine because the free
chlorine reacts faster with certain nitrogenous organic
compounds than with ammonia (Weil and Morris, 1949) .
Trichloroacetic acid and dichloroacetic acid were isolated in
low concentrations in monochloraminated fulvic acid solutions
(Jensen et al., 1984). Jacangelo et al. (1989) found cyanogen
chloride and chloropicrin at low levels in water treated with
ozone and chloramine. Because chloramination produces TOX-
containing compounds, many that have not yet been identified,
significant research still needs to be conducted on this
subject.
2.6 Mutagenicity of Drinking Water
2.6.1 Ames Bioassay
A year after Rook (1974) discovered the presence of
trihaloraethanes in finished drinking water, Ames et al. (1975)
published a simple method of determining potential for
producing genetic change or mutagenicity in the bacterium
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Salmonella typhimurium. The Ames assay employs mutant strains
of S. typhimurium which have lost the ability to synthesize
the amino acid histidine. The histidine mutation is
susceptible to reversion following exposure to a mutagenic
compound, allowing the bacterium to regain the ability to
synthesize histidine and thus reproduce in a minimal-histidine
environment. The number of colonies on the growth plates above
the background level are considered proportional to the
mutagenic potency of the sample towards that strain. Several
Salmonella strains have been developed which detect different
types of mutagenic response by offering different target sites
on the bacterial DNA; sensitivities of certain strains have
been increased by inhibiting the DNA repair ability. Strains
TA98, detecting frameshift mutations, and TAIOO, responding to
base-pair substitutions, are highly sensitive to mutagenic
compounds found in treated drinking waters and thus have been
most frequently used for drinking water genotoxicity
assessments.
Indirect-acting mutagens are compounds that may be
transformed into electrophilic direct-acting mutagens by
metabolism in the human liver. To detect for this potential
mutagenesis, a second assay with the same Salmonella strain is
conducted with the addition of rat liver enzyme homogenate
9000 g supernatant (S9). The 39 preparation contains
cytochrome P-450, which is responsible for metabolic
activation of promutagens. A third type of mutagen may be
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benign until altered by enzymes specific to the bacterial
strain. The specificity of this mutagen may only be determined
by a lack of mutagenic activity in the strain due to the
protective presence of S9, or by no activity in a different
strain that lacks the necessary enzyme for transformation.
Although early studies suggested strong correlations
between Ames assay mutagenicity and carcinogenicity in
rodents, a more recent evaluation from a database of 2 64
chemicals showed that only 58% of carcinogens tested displayed
mutagenicity by the Ames test while 73% of noncarcinogens were
not mutagenic (Ashby, 1989). Carcinogenicity and mutagenicity
are both signs of chromosomal damage and are thus
independently significant. The Ames assay, due to its relative
simplicity compared to live animal assays, is currently the
most widely used and validated short-term test for
genotoxicity and is an important screen for potential
arcinogenicity.
2.6.2 Mutagenicity of Chlorinated Drinking Water
Mutagenic activity has been detected in chlorinated
drinking waters by the Ames assay since the late 1970s (Glatz
et al., 1978; Loper, 1980), and researchers have attempted to
characterize compounds that contribute to the mutagenicity.
Salmonella strains TA98 and TAIOO have been used most
frequently to detect the presence of mutagenic compounds due
to their sensitivity to mutagenic substances in raw and
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chlorinated waters. Generally, the addition of rat liver S9
has been found to decrease the mutagenic activity of the water
samples. Simmon and Tardiff (1978) assayed 22 halogenated
compounds that might be found in chlorinated waters. Although
chloroform did not exhibit mutagenic activity, the three other
common THM species dichlorobromomethane, chlorodibromomethane
and bromoform showed significant activity in strain TAIOO
without metabolic activation by S9 (-S9). Kool et al. (1982)
found mutagenic activity in 12 out of 15 drinking waters from
surface supplies in the Netherlands. They separated the
mutagenic fraction and found that the majority of the mutagens
were in the slightly polar nonvolatile fraction with molecular
weights on the order of 2 00.
In 1984, Holmbom et al. isolated the strong mutagen 3-
chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) from
chlorinated kraft pulp effluents and reported that at very low
concentrations in the effluent (<10 ug/1), MX produced 2800-
10,000 net revertants per nanomole of MX in TA100-S9. Later
studies of Finnish chlorinated finished drinking waters showed
that MX in concentrations of 5 to 7 0 ng/1 was responsible for
up to 50% of the TA100-S9 mutagenicity in the samples (Holmbom
et al., 1990; Kronberg et al., 1990).
Backlund et al. (1989) chlorinated humic and river water at
chlorine to TOC molar ratios of 0.5, 1.0 and 2.0, reaction
times of 65 and 240 hours and various pHs. They found that
direct mutagenic activity in TAIOO was substantially increased
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with decreasing pH and with increasing chlorine doses at each
pH. Although in some cases total mutagenicity increased over
the longer reaction period, MX was not detected in the 240-
hour samples at pH 7 and 9. Also, MX contribution to total
mutagenic activity was less at pH 7 and 9 than at pH 4 and 2.
These findings are substantiated by the work of Holmbom et al.
(1990) who demonstrated that MX is stable at low pH but
undergoes ring opening and dissociation under alkaline
conditions. Although the river water and humic water samples
exhibited similar levels of mutagenicity under all conditions,
the MX concentration and its contribution to total mutagenic
activity was much lower in the river water. Thus, significant
mutagenicity was produced by chlorinated compounds other than
MX.
2.6.3 Mutagenicity from Alternative Treatment Processes
Many studies have been conducted to assess the formation or
removal of mutagenic activity through various water treatment
processes. In general, disinfectants ranked in decreasing
order of probable mutagenic activity production are: chlorine,
chloramine, chlorine dioxide and ozone (Noot et.al., 1989),
although ozone has been shown to sometimes produce as much
activity as chlorine (Cognet et.al., 1985). GAC treatment has
most consistently shown high to complete removals of mutagenic
activity.
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Ozone application in water treatment usually decreases raw
water mutagenic activity and subsequent activity produced by
chlorination, but occasionally has been shown to create
mutagenicity. In an early study of the mutagenic effects from
ozonation (Van Hoof, 1983), it was observed that ozonation
after prechlorination and filtration of a European river water
resulted in effective removal of TA98-S9 frameshift
mutagenicity formed by prechlorination. TA100-S9 base-pair
substitution mutagens created by chlorination were not as
effectively destroyed by ozonation, although subsequent
activity in this strain decreased at higher ozone doses.
TA100-S9 activity before and after ozonation correlated well
with UV-absorbance. Separating the extracts by molecular
weight fractions, the authors observed large decreases in the
concentration of low molecular weight compounds after
ozonation. Kool et al. (1982) found that the majority of
mutagenic activity in chlorinated drinking waters was
associated with the low molecular weight fraction. However,
Van Hoof (1983) noted that oxidation of hydrophobic compounds
by ozone was accompanied by the formation of some hydrophilic
TA100-S9 mutagens.
In a later study of the same river water (1985), Van Hoof
and colleagues preozonated the raw water prior to coagulation,
filtration and post-chlorination. The ozonated water resulted
in up to a ten-fold increase in TA98-S9 mutagenic activity in
the treated effluent over the same treated water without
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ozone. Thus, ozone applied before chlorination may increase
substances that form TA98 mutagenic activity when chlorinated.
However, the previous study (Van Hoof, 1983) showed that ozone
following chlorination effectively oxidized TA98 mutagens
created by chlorine. Therefore, the mutagenic activity
associated with ozone is dependent not only on the raw water
quality but also on the location of ozone application relative
to the chlorine addition in the treatment process.
Cognet et al. (1986) showed that mutagenicity is also
related to the ozone dose and contact time. Observing TA98-S9
activity in Seine River water before and after ozonation, they
found that a higher ozone dose of 5 mg/l created less
mutagenic activity than a lower dose of 1 mg/l. In a batch
ozonation study using groundwater, TA98-S9 activity was
observed to increase over the influent level after 5 minutes
contact time, decrease after 10 minutes, significantly
increase after 3 0 minutes and decrease to below background
after 1 hour. This experiment suggests that different
ozonation byproducts are created and destroyed under longer
durations of ozone contact and that no predetermined dose or
contact time is optimal for all waters.
Most studies analyzing the effect of GAC adsorption on
mutagenic activity have demonstrated high to complete
removals. Bourbigot et al. (1986) found that all raw water or
ozone-induced activity was removed by GAC. Loper et al. (1985)
monitored mutagenic activity in TA98 and TAIOO following
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chlorination, sand filtration and GAC filtration of river
water for 32 weeks. They found that during normal operation
and even after the GAC contactor was exhausted, mutagenic
activity produced from chlorination was completely removed by
GAC. Residues extracted from the GAC contactor following the
32 weeks contained all TA98+/-S9 activity in the top
(influent) section while TAIOO activity was evident in
decreasing concentrations from top to bottom. They concluded
that the GAC preferentially adsorbed direct and indirect
mutagenic compounds over TOG with a higher preference for TA98
sensitive compounds than TAIOO from this water source.
Additionally, GAC effectively removed compounds that form
mutagenic activity when chlorinated. When the effluent water
from the GAC contactor was disinfected with 2.6 mg/1 chlorine
and stored for 3 days, the samples produced no mutagenic
activity.
Finally, studies by Anderson et al. (1990) and Huck et al.
(1990) evaluated pilot scale treatments of river water over a
two-year period. Treatment included coagulation and
sedimentation followed by the addition of chlorine,
chloramine, chlorine dioxide or ozone. All samples were then
filtered through sand and GAC, and final disinfection was
applied with one of the above oxidants. During 2 out of 49
sampling periods, raw water mutagenic activity was exhibited
in both TA98-S9 and TA100-S9 and was reduced in both strains
by metabolic activation. Mutagenic activity was observed in
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most of the post-filtration chlorinated samples, five
chloraminated samples, one chlorine-dioxide-treated sample and
one ozonated sample. GAC completely removed all mutagenic
activity. Furthermore, mutagenicity was not created by any of
the disinfectants added following GAC-treatment. The
adsorption of MX and THM by GAC was evaluated and resulted in
higher removals of MX than THM. However, the adsorption
capacity for MX was reduced an average of only 4 0% in the
presence of high levels of background organic material over
that achieved using fresh GAC.
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3.0 Experimental Methods
3.1 Site Selection and Sampling Procedures
Jordan Lake, located in Chatham County, N.C., was sampled
north of the U.S. Highway 64 bridge at the proposed Apex-Cary
water supply intake (see Figure 3.1). This location is in
Segment III of the lake which extends from the northern side
of the U.S. Highway 64 bridge to the Farrington Road bridge.
The water in this segment has been classified by the
Department of Natural Resources and Community Development as
A-II, suitable for drinking water supply.
To compare the finished water quality from Jordan Lake with
that of another lake that is already used as a drinking water
source, samples were also collected from Falls Lake in Wake
County, N.C (see Figure 3.2). Falls Lake raw water samples
were taken at the dam release and are representative of water
at a depth of 12 to 16 feet from the lake's surface. This is
a similar depth to the intake for the Raleigh water treatment
plant. However, the samples collected experienced some degree
of turbulence and aeration through the spillway prior to the
point of sample collection.
Jordan Lake and Falls Lake samples were collected four
times during the year with the intent of comparing seasonal
variability, especially during the conditions of summer peak
algal productivity, fall turnover (a thermal destratification
and mixing process due to the drop in surface water
temperature) , winter minimum light and temperature, a^^j
spring biomass maximum growth.
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Tributaries to Jordan Lake were sampled in the summer of
1990 to simulate a "worst case" condition of lake water
quality and to analyze the mutagenic effects of the inflows.
These samples were processed through the same conventional
treatment scheme as the lake water samples (see below).
Aliquots from Morgan Creek, New Hope Creek and Northeast
Creek, major tributaries flowing into Segment IV of the lake,
were collected in July, 1990 at sites currently sampled by the
U.S. Geologic Survey (see Figure 3.1).
The Haw River was sampled at two locations in September,
1990 to assess the water quality in the major tributary to the
lake. Water was collected from the river near U.S. Highway 64,
about one mile upstream from Jordan Lake. The Pittsboro water
treatment plant raw water intake is in the Haw River north of
U.S. Highway 15-501; a sample was collected at the treatment
plant's raw water sample tap to represent Haw River water at
this location.
Plastic Nalgene 10- and 40-liter bottles were washed with
detergent and thoroughly rinsed in the laboratory prior to
sample collection. The bottles and a plastic sampling bucket
were rinsed with sample water on-site at least five times
before collecting the raw water sample. At Jordan Lake, a boat
was taken to a location north of the U.S. Highway 64 bridge
where Jordan Lake is about 50 feet deep. Samples were pumped
by a centrifugal pump from 12 feet below the water surface. At
Falls Lake, water was pumped from 3 feet below the surface at
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the dam release. Tributary samples were collected by immersing
a clean plastic bucket beneath the stream surface. Pittsboro
water treatment plant influent was collected at the raw water
sampling port in the plant laboratory. Temperatures were
recorded on-site. Upon return to the laboratory, pH and
turbidity were measured immediately. Raw water samples were
taken for analysis of TOC, TOX, THM and Ames mutagenicity.
Finished water samples were collected from two surface
water treatment plants that have sources similar to Jordan and
Falls Lakes. The water quality of these effluent samples was
analyzed for comparison to the finished quality of the waters
treated in the laboratory. Samples were carefully poured from
the finished water sampling tap in the treatment plant
laboratories into clean four-liter glass bottles for the
bioassay, and into clean 40-ml glass vials with required
preservatives for chemical analysis.
3.2 General Treatment Scheme
The pilot-scale treatment regime depicted in Figure 3.3
shows the three complete treatment processes applied to Jordan
and Falls Lake waters. One of the primary objectives of the
project was to determine the mutagenicity of the raw lake
waters, if any, and the extent of removal or creation of













































Reduction in TOG and turbidity and the quantity of TOX and THM
produced during each process were also determined to assess
water quality throughout treatment. Conventional coagulation,
sedimentation and filtration were applied to all of the raw
water samples (Sequence A-B in Figure 3.3). Then, the
conventional practice of post-chlorine disinfection (Sequence
A-B-C) was contrasted with the advanced treatment alternatives
of GAG adsorption followed by chlorination (A-B-D-E) and
ozonation followed by chloramination (A-B-F-G).
3.3 Preparation of Glassware
Deionized distilled water was used for all chemical
preparations and final glassware rinses. Glassware was soaked
in detergent, rinsed with tap water, soaked overnight in 10%
sulfuric acid, rinsed with deionized distilled water and baked
overnight at 100 °C. Glassware used in chlorination
experiments was made chlorine-demand-free by soaking overnight
in purified chlorinated water (30 mg/1) and rinsing with
distilled water prior to use. Glassware used in ozonation
experiments was made ozone-demand-free immediately prior to
sample ozonation by diffusing ozone gas into deionized
distilled water in the vessel for 30 minutes followed by
rinsing with deionized distilled water.
55
3.4 Coagulation
Optimal alum doses were determined by conducting standard
jar tests in 500-ml sample beakers. The pH was held at 6.0
with 0.01 M sulfuric acid addition while different doses of
alum, ranging from 25 to 45 mg/1, were added to the beakers at
a rapid mix blade rotational velocity of 80 rpm. After two
minutes of rapid mixing during chemical addition, the blade
speed was decreased to 45 rpm for seven minutes, 30 rpm for
seven minutes and then 15 rpm for seven minutes. The time of
the first appearance of floe particles, the water clarity and
the relative floe size after 15 minutes were noted for each
beaker. Following flocculation, the samples were allowed to
settle for 3 0 minutes. pH and turbidity were measured at the
end of this period. The requisite alum dose for bulk
flocculation was selected by the lowest alum dose that
provided a settled water turbidity of less than 1.0 NTU.
Batch coagulation of 100 liters of sample at pH 6.0
followed the jar tests, using the optimum alum and acid dosage
determined from the jar tests. The batch reactor used for
coagulations had a center-axle, single rotational blade and
four wall baffles. This reactor was designed to achieve a high
velocity gradient, G, during the two minute rapid mix at 80
rpm. G was calculated as decreasing from 110 s"'' at 45 rpm to
60 s''' at 30 rpm to 21 s''' at 15 rpm during the 21-minute, 3-
stage tapered flocculation. The velocity gradient calculations
for this reactor are presented in Appendix A. Settling was
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permitted for one hour before 72 liters of the sample were
filtered through a 2.0-micron cellular polyester cartridge
filter into clean 18-liter glass bottles. The filtered water
was analyzed for residual turbidity, TOC, TOX and THM, and the
remainder was stored at 4°C until further experimentation.
This water served as the source water for all three final
treatment scenarios (see Figure 3.3).
3.5 Chlorination
Concentrated chlorine stock solutions were freshly prepared
from Fisher purified 4-6% NaOCl. Chlorine concentrations were
determined using the DPD Ferrous Titrimetric Method 4500-F
described in Standard Methods (1990) . The chlorine dose
necessary to produce a 48-hour residual free chlorine
concentration of 0.5 mg/1 for each sample was determined by
adding various doses of chlorine to several 3 50-ml sample
aliquots that were first adjusted to pH 8.0 using a 0.1 M
sodium carbonate solution. These chlorinated sample aliquots
were stored in ground-glass-stoppered bottles headspace-free
in the dark at room temperature for 48 hours. The chlorine
dose for large-scale chlorination was selected as the dosage
which resulted in a 48-hour free chlorine residual closest to
0.5 mg/1. Twelve liters of each sample were then chlorinated
in an 18-liter chlorine-demand-free glass bottle following
sample pH adjustment to 8.0. The chlorinated samples were
carefully siphoned into headspace-free, 4-liter glass bottles
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for storage at room temperature in the dark. After 48 hours,
the samples were analyzed for turbidity, free and total
chlorine residual and pH, and portions were rebottled with in
4 0-ml vials for TOC, TOX and THM analysis. Remaining free
chlorine in the TOX and THM samples was quenched at this time
with sodium thiosulfate. The rest of the sample was stored at
4°C for the subsequent Ames bioassay. Samples chlorinated
following GAC filtration were handled similarly.
Samples receiving chloramination were adjusted to pH 8.0
with a 0.1 M sodium carbonate solution. Chloramines were
created by adding 0.2 5 mg as N of ammonium phosphate per mg
chlorine to the sample prior to chlorine addition. Mixing was
achieved using a magnetic stirrer. Chloramine optimum doses
were selected by a similar procedure to that of chlorination
with a target 48-hour residual of 1 mg/1 total chlorine.
During bulk chloramination, ammonia was added to the 12-liter
sample and allowed to mix for several minutes before chlorine
addition. Sample handling and subsequent analysis were the
same as for the chlorinated waters.
3.6 GAC Treatment
GAC column dimensions were determined using criteria of an
empty bed contact time (EBCT) of ten minutes and an aspect
ratio of column diameter to average carbon particle diameter
of 50-to-l. The design calculations are presented in Appendix
B. Calgon Filtrasorb 4 00 activated carbon was washed in
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deionized distilled water, oven-dried and sieved before
packing into a 4.5-cm diameter, 100-cm long plexiglass column.
Samples flowed by gravity into the column and flow rate was
controlled at the effluent. Grab samples of the effluent from
the column were tested for TOC every fifteen minutes to
determine if column breakthrough had occurred. Composite
effluent samples were stored in glass bottles at 4°C for
further testing and analysis.
3.7 Ozonation
Three ozonation reactors were used over the course of the
project. A 70-liter stainless steel batch reactor was used to
ozonate the Falls Lake April and Jordan Lake May 1990 samples.
A 27-liter stainless steel reactor was used to ozonate the
Falls Lake July and Jordan Lake October samples. The remaining
samples were ozonated in an 18-liter glass bottle equipped
with a magnetic stirrer. Ozone for all reactions was produced
from breathing quality air by a Union Carbide Model No. SG
4060 Ozone Generator.
All of the samples received a target ozone dose such that
the mass of the ozone absorbed by the sample was equivalent to
the TOC mass of the sample. To achieve this, the ozone
concentration flow rate from the generator was measured by
sparging ozone gas into a 20 g/1 potassium iodide (KI)
solution. The iodide that was oxidized to iodine by ozone was
then titrated back to iodide with a 0.1 M sodium thiosulfate
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solution; the requisite amount to completely convert the
iodine back to iodide represents one mole of ozone absorbed
per  2  moles  of  thiosulfate  titrated  by  the  following
reactions:
Iodide oxidation:
3O3 + I"  =  lOj' + 3O2
10,' + 51'  =  31. + 3H-.0
O3 + HjO + 21" =02 + 20H" + I2
Iodine reduction:
2S2O3-2 + I2 = S^o^'^ + 21-
After determining the ozone concentration produced by the
generator, ozone gas was sparged into the water sample while
two vertical axis blades mixed the solution vigorously. Off-
gas was collected from the top of the tank and diffused
directly into KI to detect any ozone that was not absorbed by
the sample. After ozone addition, purified air was sparged
through the water and gas collection through the KI trap
continued for 3 0 minutes (the estimated time to empty three
tank air volumes at that gas flow rate). The KI in the trap
was then titrated with sodium thiosulfate. The ozone absorbed
by the sample was calculated as the ozone dose applied less
the ozone trapped in the KI. This procedure was repeated until
the ozone absorbed by the sample was equivalent to the TOC of
the sample before ozonation. Oxidation of TOC, concentrations
of TOX and THM, and Ames mutagenic activity in the samples
were measured following ozone application.
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3.8 TOC Analysis
Samples collected for TOC analysis were stored headspace-
free in 40-ml glass teflon-sealed vials with 0.5 ml sulfuric
acid for preservation, and held at 4°C in the dark not longer
than two weeks before analysis. Samples were analyzed on an
Oceanographies International Corporation Model 700 TOC
Analyzer with automatic sampler, similar to Method 5310 B,
Combustion-Infrared Method for TOC (Standard Methods, 199 0).
One ml of sample was injected per analysis and each sample was
analyzed at least three times to assure precision. The
instrument was calibrated using a standard solution prepared
from potassium hydrogen phthalate at 5.0 mg/1 concentration
since the samples analyzed ranged from 0.2 to 10 mg/1 TOC.
Standards ranging from 0.1 mg/1 to 2 0 mg/1 were analyzed under
these calibration conditions and consistently resulted in less
than one percent error. The calibration was checked every two
hours to ensure that precision was maintained throughout the
analysis.
3.9 TOX Analysis
Samples collected for TOX analysis were stored headspace-
free in 40-ml glass teflon-sealed vials and held at 4°C in the
dark not longer than one week before analysis. The samples
were preserved with 0.5 ml sulfuric acid and the residual
chlorine was quenched by the addition of approximately 10 mg
sodium thiosulfate. Dissolved organic halogen concentration
was measured by Method 5320 B described in Standard Methods
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(1990), using a Dohrmann DX-20 microcoulometric titration
system with pyrolysis furnace and AD-2 adsorption module.
Carbon columns used for adsorption of halides were packed with
fresh, clean 200-mesh activated carbon within 24 hours of
sample analysis. Halogens from the samples were adsorbed onto
the carbon by acidifying the samples to pH 2.0 with
concentrated nitric acid and running the samples through the
columns. The columns were then rinsed with a nitrate solution,
causing displacement of the inorganic halides from the carbon
by competitive adsorption with nitrate ions, leaving only
organic halides on the carbon. The carbon was then pyrolyzed
at 800° C, converting the organic halides to HX gas. The gas
flowed into a microcoulometric titration cell where silver-ion
precipitation by the halide was measured as current produced
from silver ions dissolving from a silver electrode in order
to maintain a constant silver concentration in the cell. The
analyzer then converted this signal into a measurement of
micrograms of chloride (ug Cl') .
All samples were collected and analyzed in duplicate or in
triplicate, when possible, if the two measurements did not
agree within 10%. Six to eight blank carbon columns were
nitrate-washed and analyzed during each sampling session to
determine the average background level of TOX in the columns.
This concentration, which did not exceed 0.90 ug Cl" and
averaged 0.6 6 ug Cl" per column, was subtracted twice from
each sample measurement to account for the background TOX in
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each of the two columns. The sample TOX was thus calculated:
TOX (ug/1) = (Col 1 - AvqBlnk + Col 2 - AvqBlnk) uq CI"
(Sample Volume) 1
Of the 75 samples analyzed, duplicates agreed within 10% of
each other with the exception of five samples.
The precision of the analysis was tested for low
concentrations of organic halides by analyzing ten deionized
distilled water samples of volumes varying from 50 to 200 ml.
Detected TOX concentrations of 3.8 to 4.5 ug Cl'/l indicated
reasonable precision at low concentrations. Standard Methods
(1990) recommends a detection limit of 5 ug C1-/1. Replicate
small volumes of a prepared pentachlorophenol standard
exhibited a much wider range of values at high concentrations,
indicating that some precision is lost with 1) increased
concentrations of TOX and 2) smaller sample volumes passed
through the carbon columns.
3.10 THM Analysis
Samples collected for THM analysis were stored headspace-
free in 40-ml glass teflon-sealed vials with approximately 10
mg sodium thiosulfate to quench the residual chlorine, and
held at 4° C in the dark not longer than three weeks before
extraction. Samples were liquid-liquid extracted in THM-grade
99.9% purity pentane, according to the procedure outlined by
the EPA (1979); 40 to 70 ug/1 dibromopropane was injected per
sample as an internal standard. Three concentrated stock
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solutions of the four THM species CHCI3, CHCljBr, CHClBrj and
CHBrj were prepared by injecting small volumes of analyte into
a measured amount of acetone and verifying the volumes by
weighing the entire stock before and after addition. Twelve
standards were prepared from these stocks, ranging from 0.1 to
2 00 ug/1 of each analyte, by injecting a pre-determined volume
into deionized distilled water covered with a pentane layer
for extraction. Because the method measures only the THM that
are extracted into the pentane from water, injecting the
standards into water is designed to simulate the extraction
efficiency of the samples. Other studies have accomplished at
least 95% recovery of the analytes by this extraction method
(Reckhow, 1984).
The extracted samples were stored in Teflon-sealed glass
vials not longer than 7 days prior to analysis. The extracted
summer tributary samples were re-tested two months after the
initial chromatography and the later results agreed within 10%
of the previous results, indicating only minor loss of THM
compounds during storage in pentane.
THM concentrations were measured on a Hewlett-Packard 5890A
gas chromatograph with electron capture detector. The injector
and detector temperatures were 177°C and 297°C, respectively.
The carrier gas flowed at 60 ml/minute. The column initial
temperature of 35 °C was held for 18 minutes after sample
injection, then ramped up at a rate of 9° per minute to 110°C,
followed by a ramp of 27° per minute to 204°C. The twelve
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standards were run at the same time as the samples; the
standards' peak areas were used to compute sample
concentrations. A standard chromatograph depicting retention
times and peak shapes is shown in Appendix C. A linear
regression of peak area relative to internal standard area was
computed for each analyte and compared to the known
concentration of analyte. The sample concentrations were then
determined from the slope of the regression line. All standard
regressions resulted in an R^ value greater than 0.95. A
sample regression for chloroform is displayed in Appendix D.
Samples were collected and analyzed in duplicate and resulted
in less than 10% error between samples.
3.11 Ames Bioassay Sample Preparation
Samples for the Ames bioassay were stored in the dark at
4°C until extraction. The chlorinated samples were not
quenched in order to avoid possible interferences or decreases
in mutagenicity by the presence of sulfite or thiosulfate.
Because volatile compounds are lost during the extraction
process anyway, it was not necessary to store the samples
headspace-free prior to the bioassay.
Although the bioassays were not conducted by this
researcher, a brief outline of the procedures is presented.
Each five-liter sample was divided into two 2.5-liter aliquots
that were extracted in parallel. High purity methylene
chloride (100 ml) was added to each aliquot at ambient
*WPI|WiRn!^'1ii|"«N?]j
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(treatment) pH and the mixture was shaken for 3 0 seconds in a
4-liter separatory funnel. Another 100 ml of methylene
chloride was added and the shaking repeated. After adjusting
the solution pH to 2.0 with HCl, methylene chloride addition
and shaking were repeated twice. The total 800 ml of methylene
3chloride extract from the parallel aliquots was completely
dried by rotary evaporation at 4 0°C, stored at 4°C, and re-
suspended in 2 ml sterile high purity dimethyl sulfoxide
(DMSO) immediately preceding performance of the assay.
Three two-fold dilutions of the DMSO dissolved extracts
were used to perform the Ames bioassay following procedures
described by the assay's author (Ames, 1975; Maron and Ames,
1983). Salmonella strains TAIOO, sensitive to base-pair
substitutions, and TA98, sensitive to frameshift mutations,
were supplied by Ames. Extracts were assayed using both
strains with and without the addition of Arochlor-induced rat
liver S9 microsomal metabolic activation. Plates containing 25
ml of solidified minimal agar were spread with 2.5 ml molten
top agar containing the following: 100 ul DMSO-dissolved
sample extract, solvent, or standard chemical, 100 ul
cultured bacteria strain, and 500 ul S9 preparation when
required. Positive controls used to induce mutagenic activity
were as follows: 2-nitrof luorene for TA98 without S9, 2-
anthramine for TA98 and TAIOO with S9, and sodium azide for
TAIOO without S9. After 48 hours of incubation, the plate
colonies were counted by hand or with an Artek 880 Image
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Analyzer. The number of revertant colonies were averaged for
duplicate plates.
4.0 Results and Discussion 67
4.1 Raw Water Characteristics
The raw waters sampled from Jordan Lake and Falls Lake were
similar in seasonal variation of turbidity, temperature, pH,
total organic carbon (TOC) and total organic halide (TOX), as
shown in Table 4.1. Temperatures varied seasonally as did
turbidity and TOC. Turbidity in Falls Lake was generally
higher than that of Jordan Lake, but this may be due to the
turbulence at the Falls Lake sampling site. Falls Lake samples
exhibited slightly higher overall TOC concentrations than
Jordan Lake. The average pH of Jordan and Falls Lake samples
were 7.0 and 7.1, respectively. TOX concentrations from 11
(background level) to 4 5 ug/1 were detected in the raw water
samples, and nondetectable to trace amounts (less than 1 ug/1)
of THM were measured.
Jordan Lake tributaries sampled in July and September of
1990 were of poorer quality than the lake waters as demon¬
strated by the higher turbidities, TOC and TOX concen¬
trations. Although less than 10 ug/1 of total THM was measured
in the raw waters, the TOX concentration was greater than 100
ug/1 for Morgan and New Hope Creeks and close to 200 ug/1 in
Northeast Creek. In a study conducted by Singer et al. (1988),
similar TOX concentrations were found in Morgan and New Hope
Creeks near these same sites. The TOX was attributed to
chlorinated municipal wastewater effluents upstream of the
sampling locations. The TOX concentrations of the Haw River
Table 4.1
Raw Water Characteristics
Location Sampling Lake Stage Temp.    Turbidity TOC TOX THM
Date (feet)(1) pH (Deg.C)          (ntu) (mg/l) (ug Cl/I) (ug/l)
Jordan Lake 05/23/90 216.02 7.0 22                 7.6 7.3 NA NA
Jordan Lake 10/10/90 209.63 7.0 25                 8.8 6.6 45 <1
Jordan Lake 12/23/90 216.31 6.9 15               15.1 6.9 39 <1
Jordan Lake 03/07/91 218.33 7.1 8                 8.7 7.8 21 BDL
Falls Lake 04/11/90 NA 6.3 22               10.0 7.7 NA BDL
Falls Lake 07/27/90 250.00 6.9 24                 6.8 7.3 22 BDL
Falls Lake 11/19/90 249.38 6.8 26               16.3 10.7 11 BDL
Falls Lake 02/26/91 250.11 8.4 16                14.0 7.2 20 BDL
Falls Lake 04/19/91 250.89 6.9 19                 8.1 7.1 18 <1
Morgan Creek 07/02/90 7.3 29               16.5 8.7 128 6
Nevi/ Hope 07/02/90 7.2 30               11.9 9.5 155 5
Creek
Northeast 07/02/90 7.1 29               16.6 8.6 194 4
Creek
Haw River 09/12/90 7.4 27                5.0 6.9 74 <1
Pittsboro 09/12/90 7.4 27                6.1 6.7 60 BDL
Water Plant
Raw Water
Water Plant A 06/23/90 7.4 26                6.3 6.8 NA NA
Water Plant A 04/25/91 7.3 20                 3.8 4.8 NA NA
Water Plant B 06/23/90 6.6 29                 5.0 6.8 NA NA
Water Plant B 04/26/90 6.8 18                 5.0 7.7 NA NA
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(1): Stage data from U.S.G.S. sampling at dam of lake.
Jordan Lake average stage = 216.00 feet.
Falls Lake average stage = 251.00 feet.
BDL: below method detection level (0.5 ug/l for THfUl).
NA: parameter not analyzed.
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samples were less than those of the New Hope tributaries, yet
high enough to indicate chlorinated discharges upstream that
may have undergone some dilution and natural decomposition.
Because purgeable halogens are significantly volatilized by
aeration in the streams, the TOX composition can be assumed to
be mostly nonpurgeable organic halogen (NPOX).
The raw water sources for Treatment Plants A and B have
characteristics similar to those of Jordan and Falls Lakes.
The raw water turbidities and TOC concentrations were measured
by treatment plant personnel and are shown in Table 4.1.
4.2  Coagulation, Settling/ Filtration
Table 4.2 displays the alum doses selected for coagulation
and the resulting filtered water characteristics. Raw and
filtered TOC are depicted for each sample in Figures 4.1 and
4.2. The TOC of the lake and tributary samples was reduced an
average of 48% (standard deviation = 12.3) by the coagulation
and filtration process, ranging from 29% to 69% removal. Water
plants A and B achieved from 29% to 54% removals of TOC on the
four sampling days, with an average reduction of 40%. Low
removals were associated with low raw water TOC
concentrations, indicating that all of the waters contained a
similar amount of TOC that was not entirely removed by
coagulation and filtration.
Through optimization of coagulation, TOC removals of 50 to
75 percent are reasonably achievable and, in most cases, will
Table 4.2
Results of Coagulation, Settling and Filtration
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Alum    Filtered Raw    Filtered TOC Raw    Filtered TOX
Location        Samplin     Dose    Turbidity        TOC TOC      Reduction      TOX TOX      Reduction
Date        (mg/l)        (ntu)        (mg/l)       (mg/l) % (ug/l)        (ug/l) %
Jordan Lake 05/23/90 35.0
Jordan Lake 10/10/90 30.0
Jordan Lake 12/23/90 35.0









Morgan Creek  07/02/90       45.0



















0.06 7.3 3.6 50.7 NA NA NA
0.04 6.6 4.5 31.8 45 14 69
0.06 6.9 4.1 40.6 39 15 62
0.05 7.8 3.8 51.3 21 8 62
0.05 7.7 3.1 59.7 NA 23 NA
0.12 7.3 3.2 56.2 22 17 23
0.08 10.7 3.3 69.2 15 19 -27
0.09 7.2 5.1 29.2 20 12 40
0.12 8.7 4.7 46.0 128 90 30













































NA: parameter not analyzed.
7.6 3.9 47.7 59 45 29
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Figure 4.1
TOC Removal by Coagulation and Filtration:
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Figure 4.2
TOC Removal by Coagulation and Filtration:
Tributary Samples and Treatment Plant Finished Water
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effectively reduce subsequent disinfection byproduct formation
(Kavanaugh, 1978; Babcock and Singer, 1979). Reduction in TOC
concentrations is indicative of TOX and THM precursor removal
in most waters (Reckhow and Singer, 1984). Singer et al.
(1981) found average TOC removals at 13 water treatment plants
in North Carolina of 38% after coagulation and settling and
47% following filtration. THMFP was reduced an average of 42%
by coagulation and settling, and 54% after filtration. Because
the source waters in this project are similar to those sampled
by Singer et al., it is expected that a parallel removal of
THMFP and TOC would have been achieved in this study by the
coagulation and filtration process.
Removals of TOX from the raw waters varied; TOX was more
effectively removed in the lake water samples than in the
tributaries carrying larger concentrations of TOX. Chlorinated
organic substances that are macromolecular and hydrophobic are
readily coagulated by alum, while low molecular weight
compounds are more difficult to remove. It appears that some
of the chlorinated compounds in the tributary raw waters may
fit the latter description and thus may not be efficiently
removed by coagulation and filtration. In a study by Singer
(1989), raw water TOX concentrations at a surface water
treatment plant ranged from 150 to 550 ug/1. Coagulation and
settling removed an average of 62% of the raw water TOX at
this plant. Thus coagulation may be optimized for TOX removal.
74
4.3 Chlorination Results
4.3.1 General Results - All Samples
Table 4.3 presents the chlorination results for each
sample. The concentration of chlorine consumed by each sample
after 48 hours correlates well with the TOC of the sample
prior to chlorine addition (see Figure 4.3). This correlation
for all chlorinated samples, including treated tributaries and
treatment plant finished waters, has a Pearson correlation
coefficient of 0.85 (r^=0.72). The F-test statistic (alpha
equals 0.05) for the correlation is 38.5, and the p-value is
0.0001. The F-test statistic increases with the strength of
the correlation. A p-value less than 0.01 indicates that the
hypothesis that the slope of the regression line equals zero
can be eliminated.
This relationship suggests that there is an initial
chlorine consumption of 1.3 mg/1 that is not TOC-related with
an additional 0.7 3 mg chlorine consumed per mg TOC. The
initial demand may be due to reduced nitrogen species in the
water prior to chlorination, at a concentration on the order
of 0.13 mg/1 as N corresponding to a 1.3 mg/1 breakpoint
chlorine demand.
The amount of TOX and THM produced by chlorination is
directly related to the organic content of the water and the
chlorination conditions of dose, pH, temperature and contact
time. Figures 4.4 and 4.5 illustrate the formation of TOX and


























Jordan Lake 05/23/90 3.6 4.2 374 98.1 11.3 27.6
Jordan Lake 10/10/90 4.3 4.5 332 115 84.8 18.8 28.1
Jordan Lake 12/23/90 4.1 4.2 242 103 74.6 18.3 34.2
Jordan Lake 03/07/91 3.8 3.0 278 68 53.1 7.9 20.4
Falls Lake 04/11/90 3.0 3.5 220 50 36.9 8.3 18.4
Falls Lake 07/27/90 3.1 3.6 256 70 55.9 6.9 23.0
Falls Lake 11/19/90 3.3 3.8 304 90 67.9 13.1 24.2
Falls Lake 02/26/91 5.1 4.8 499 179 154.6 5.2 31.4
Morgan
Creek
07/02/90 4.7 4.7 342 150 85.8 43.4 24.3
New Hope
Creek
07/02/90 4.3 4.6 246 72 47.9 17.3 15.7
Northeast
Creek
07/02/90 4.3 4.3 239 93 57.2 27.3 17.6




09/12/90 4.2 4.7 512 167 99.5 52.5 21.1
Plant A
Finished Water
06/23/90 4.8 5.1 294 57 47.1 4.2 16.6
Plant A
Finished Water
04/25/91 2.1 2.7 139 43 38.4 4.2 29.0
Plant B
Finished Water
06/23/90 4.0 4.5 362 86 71.5 5.6 20.4
Plant B
Finished Water
04/26/91 3.1 4.1 200 99 79.9 8.3 41.8
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Mean 3.9 4.2 303 100 72.9 16.7 24.8
Conditions for all samples except Wafer Plants A and B:
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coefficient for both of these relationships is 0.58 (r^=0.34),
indicating a trend but not a strong correlation. The F-test
statistics for the relationships between chlorine consumed and
TOX or THM produced are 7.78 and 7.88, respectively; the
respective p-values are 0.0138 and 0.0133. These statistics
indicate that these correlations are not as strong as that for
the relationship between TOC concentration and chlorine
consumption (Figure 4.3), yet the small p-values demonstrate
significant deviation from the no-correlation hypothesis.
The chlorine demand that was apparently not exerted by TOC
in Figure 4.3 is exhibited again to some degree in Figures 4.4
and 4.5 as chlorine consumed without corresponding production
of TOX and THM.
Several researchers have quantified relationships among
TOC, chlorine consumption, and concentrations of TOX and THM
produced, in order to better understand the byproduct
formation potential of a chlorinated water. Figures 4.6 and
4.7 relate TOX and THM production in the chlorinated samples
with the TOC concentration of the filtered water. These
regressions have correlation coefficients of 0.62 and 0.59
(r^=0.39 and 0.35, respectively), again demonstrating a trend
but not a strong correlation. The F-test statistics for these
relationships are 9.57 and 8.03, respectively; the p-values
are 0.0074 and 0.0126.
These trends suggest that about 79 ug of TOX and 3 0 ug of
THM are created per mg of TOC in the water. Table 4.4 displays
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Table 4.4
Chlorine and Byproduct Relationships
Comparison to Other Research
---------------------------------------- ----------- ---------------- ----------------.
Contact mgCI2 ugTOX ugTHM % TOX
Author and Time Consumed asCI- per asTHM
Water Source PH (hours) per mg TOC per mg TOC mg TOC (ug CI-)
Babcock & Singer, 1981
Humic Acid 6.5 48 3.5 NA 120 NA
Fulvic Acid 6.5 48 NA NA 50 NA
Fleischacker & Randtke, 1983
Fulvic Acid 7.0 100 1.7 246 63 22.7
Reckhow & Singer, 1984
Fulvic Acid 7.0 48
Fulvic Acid 7.0 72
Humic Acid 7.0 72
Fulvic Acid 8.0 72
NA 195 49 20.0
NA 138-210 29-50 18.7-23.4
NA 246-333 61-77 18.5-21.2
NA 195 75 31.0
Jensen etal., 1985
Fulvic Acid 8.9 24 1.6 NA NA NA















Reckhow & Singer, 1990
Raw Drinking Waters

















Singer & Chang, 1989
Treated Waters
varies varies NA NA NA 31.0
Present Study
N.C. Treated Waters 8.0 48 1.1 81 30 26.4
All samples were chlorinated in excess of amount consumed.
NA: parameter not analyzed.
81
the results from several studies comparing chlorine
consumption, and TOX and THM concentrations produced, to the
initial TOG concentration of the water. The results of the
present study are consistent with those found in previous
research. Note that in the studies involving the chlorination
of fulvic and humic acids, the acids generally consumed more
chlorine and developed higher concentrations of TOX and THM
than observed in the studies of chlorinated natural waters.
That the production of TOX and THM in treated natural waters
is lower than byproducts formed by the same amount of TOC in
model humic and fulvic solutions indicates two important
conclusions. First, some of the precursors to THM and TOX
formation may have been preferentially removed by alum
coagulation and filtration. Second, the TOC of these natural
waters comprises a variety of organic compounds, including
humic and fulvic acids, that may not be as susceptible to
chlorinated byproduct formation as the humic and fulvic acids
themselves.
Because THM species comprise most of the purgeable organic
halide (POX) included in the TOX concentration, a correlation
between THM and TOX should exist for samples treated under the
same conditions. Figure 4.8 displays this relationship; the
correlation coefficient of 0.83 (r^=0.56) indicates a strong
correlation. The F-test statistic is 29.396, and the p-value
is 0.0001. These statistics also indicate a strong
correlation.
33x - .01. R-squarad: .662
Z
X
-iOO 100 200    300
TOX(ugCI-/l)
Figure 4.8
Correlation Between TOX and THM Formation in Chlorinated
Waters
The linear regression in Figure 4.8 suggests that 2 6 ug of
THM as CI- (33 ug/1 of THM) are created per 100 ug TOX. This
relationship is in good agreement with that found by Singer
and Chang (1989) in 59 samples from 13 conventional water
treatment plants, and with Reckhow and Singer's (1984) fulvic
acid chlorination results at pH 8.0.  Researchers have
generally found that the ratio of THM-to-TOX concentrations
produced under the same conditions of pH,  temperature,
chlorine-to-carbon ratio and holding time remains fairly
constant regardless of the aquatic carbon source.
4.3.2 Results by Source
Table 4.3 displays TOX and THM concentrations created by
chlorination following conventional treatment in all of the
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samples. Note that in all cases the values represent TOX and
THM produced by chlorination and do not include pre-existing
raw water concentrations. The average TOX and THM
concentrations of the four Jordan Lake samples were 3 07 ug/1
and 102 ug/1, respectively. The Falls Lake samples produced
similar quantities of byproducts, averaging 32 0 ug/1 of TOX
and 97 ug/1 of THM. The five tributary samples produced
average TOX and THM concentrations of 329 ug/1 and 122 ug/1,
respectively; these concentrations were similar to those
exhibited by the summer chlorinated lake samples. Byproduct
formation measured in the treatment plant finished water
samples was slightly lower, averaging 249 ug/1 for TOX and 73
ug/1 for THM.
Figure 4.9 shows the TOX and THM concentrations produced in
the Jordan and Falls Lake samples. From this figure, it
can be seen that the present EPA regulatory limit for total
THM concentration of 100 ug/1 was slightly exceeded in three
out of four of the Jordan Lake samples. One Falls Lake sample
exceeded the THM limit at 179 ug/1 in February, 1991. It is
important in evaluating these results to compare the
conditions of treatment employed in the laboratory with those
that might be encountered in a large-scale treatment plant.
First, all waters regardless of lake temperature were
processed and held for 48 hours at 25°C. This temperature is
higher than would be encountered by a plant that treated water
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system during winter months; thus the production of THM and
TOX, especially in the winter samples, may be elevated over
that produced at an on-site plant. Second, a holding time of
48 hours was chosen to represent a typical residence time in
a distribution system. An actual distribution network may have
shorter or longer residence times depending on the distances
between the plant and taps, system demands and storage time.
Because chorinated organic compounds continue to form in the
presence of chlorine, longer residence times will result in
higher concentrations of TOX and THM.
The five tributary samples collected in the summer of 1990
contained detectable concentrations of TOX in the raw water.
After coagulation, settling, filtration and post-chlorination,
these samples exhibited an increase in TOX concentration along
with the appearance of THM species. Figure 4.10 shows the TOX
and THM concentrations created by chlorination. Although low
levels of brominated THM species were measured in the
chlorinated lake samples, the tributaries displayed higher
concentrations of the brominated THM species. The
concentration of bromide incorporated into the THM species by
each sample is reported in Table 4.3. While the lake samples
incorporated between 5 and 19 ug/1 bromide into THM species,
the THM concentrations produced by the tributaries contained
from 17 to 53 ug/1 bromide.
When waters containing bromide are chlorinated, the bromide
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hypochlorous acid in organic substitution reactions. The
distribution of THM speciation shifts from predominantly
chlorinated species to brominated species as the concentration
of bromide is increased. The extent of speciation, dependent
on the concentration of bromide, chlorine dose and precursor
matrix, has not been clearly quantified (Rook, 1974; Cooper,
et.al., 1983). Figure 4.11 demonstrates the variability in
molar distribution of THM species in the tributaries. Note
that the molar concentration of brominated species approaches
4 0% of the total THM concentration in each of these samples.
This is in sharp contrast to the lake samples, which exhibited
about 10% of the concentration of THM as brominated species.
The source of bromide in these streams - is probably
anthropogenic; concentrations are likely higher during low
flow conditions in summer and early fall when treatment plant
effluents comprise a large percentage of the streamflow. It
may be important to consider the impact of bromide and
brominated compounds in the tributary streams on bromide
concentrations in the lake, especially during drought
conditions. Bromide is not easily removed by conventional
water treatment processes and, due to its high reactivity when
oxidized by chlorine, low concentrations may significantly
increase THM production (Cooper et. al., 1983). The health
effects of bromination byproducts are not clearly understood
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species, potential bromide interactions should be considered
in the treatment optimization process.
Figure 4.12 displays the TOX and THM concentrations in the
finished waters from Treatment Plants A and B. Trihalomethane
levels reported in Table 4.3 are lower than the regulatory
mandate of 100 ug/1. However, Plant B produced concentrations
that were near this limit and that may have exceeded the limit
in the distribution system if THM formation continued.
Chloroform was the principal THM species, accounting for over
90% of the total THM concentration by mass.
4.4 GAC Adsorption and Chlorination
Part of the coagulated, settled and filtered lake samples
was passed through granular activated carbon (GAC) with an
empty bed contact time (EBCT) of ten minutes. The TOC
concentration in the effluent was monitored to detect
breakthrough or exhaustion of the carbon's adsorptive
capacity. Breakthrough did not occur during any of the sample
treatments. Table 4.5 displays the TOC reductions achieved by
the GAC resulting in low non-adsorbable TOC concentrations of
0.2-0.4 mg/1. In analyzing these results, it is important to
recognize that the TOC content of the coagulated and filtered
samples was reduced by an average of 92% following GAC
adsorption. Removals of natural organic material and THMFP are
highest when GAC is freshly activated. A steady decrease in
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Jordan Lake 0.2 94 39 3
Jordan Lake 10/10/90 4.5 0.4 91 1.0 2.5 1 34 <2
Jordan Lake 12/23/90 4.1 0.2 95 0.3 1.5 13 <2
Jordan Lake 03/07/91 3.8 0.4 89 0.3 0.7 10 4
Falls Lake 04/11/90 3.1 0.5 84 1.1 2.2 21 10
Falls Lake 07/27/90 3.2 0.2 94 0.7 3.5 14 5
Falls Lake 11/19/90 3.3 0.2 94 0.9 4.5 13 3
Falls Lake 02/26/91 5.1 0.4 92 0.5 1.3 10 5
Mean 3.8 0.3 92 0.7 2.5 19
Samples were alum coagulated, settled, filtered, GAC filtered and chlorinated at
pH 8.0 at a dose resulting in 0.5 mg/l free chlorine residual after 48 hours.
(1): TOX Detection Limit = 10 ug/l.
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the GAC is depleted. The GAC employed in these experiments
achieved optimal removals of TOC that may not accurately
reflect the long-term TOC reductions achievable by a water
treatment plant.
Chlorine demand ranged from 0.3 to 1.1 mg/1 in the eight
post-GAC lake samples and averaged 2.3 mg chlorine consumed
per mg residual TOC. Because of the excellent removal of
organic material by the GAC, the source of the chlorine demand
is not clear. It is likely that part of the chlorine may have
been consumed by ammonia or reduced nitrogenous compounds
remaining in the filtered water. Concentrations of TOX
following chlorination ranged from 10 to 3 9 ug/1, which is
near the analytical background level of 10 ug/1. Minimal
concentrations of THM (less than 5 ug/1) were measured in most
samples.
Because of the high removal of TOC and THM precursors by
GAC-adsorption, a low dose of chlorine can be applied for
final disinfection resulting in low production of DBFs while
assuring adequate disinfection. The TOC removals achieved in
these experiments may be higher than the steady-state re¬
ductions expected by a water treatment plant over longer time
periods. However, a treatment plant may enhance TOC removals
through regular carbon reactivations or by optimizing
microbial degradation in the GAC column. Although there are
concerns with the reactivation cost and adsorptive capacity of
activated carbon, and with microbial growth that may be
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sloughed into the distribution system, the GAC/chlorine
disinfection strategy most effectively and consistently
reduced TOC, and the production of TOX and THM in these water
samples.
4.5 Ozone and Chloramine Disinfection
Table 4.6 displays the results of the ozone and mono-
chloramine treatment. Ozonation reduced the TOC concentration
in the samples by an average of 15% beyond the filtered TOC
concentration. Chloramine consumption was low, ranging from
0.4 to 1.8 mg as Clj/l. TOX produced by chloramination varied
between 69 and 2 02 ug/1, but THM concentrations ranged from
only 2 to 13 ug/1 and comprised only 5 percent by average of
the TOX.
The low chloramine consumption and the TOX and THM
reductions compared to those produced by chlorination alone
demonstrates the effectiveness of the ozone and chloramine
treatment. There are several implications resulting from this
strategy. First, ozonation oxidizes TOX and THM precursors to
some degree. Other researchers have found that ozone oxidation
of THM precursors resulted in a 10 to 15% reduction in THMFP
(Werdehoff and Singer, 1987; Singer and Chang, 1989) . Second,
ozone is a strong disinfectant, reducing the amount of
chloramine needed for final disinfection and the subsequent
production of TOX. Third, the oxidant demand per unit of TOC




Filtered   Post-Ozone        TOC Ozone NH2CI mg NH2CI
Location        Sampling       TOC TOC       Reduction    Consumed    Consumed     Consumed TOX THM
Date (mg/l) (mg/l) % (mg/l) (mg/l)      per mg TOC       (ug Cl/I)       (ug/l)
Jordan Lake 05/23/90 3.6 3.1 14 4.1 0.6 0.19
128 4
Jordan Lake 10/10/90 4.5 3.1 31 3.5 1.0 0.32 NA
NA
Jordan Lake 12/23/90 4.1 3.4 17 3.5 1.8 0.53
116 3
Jordan Lake 03/07/91 3.8 3.7 3 3.6 0.7 0.19
142 10
Falls Lake 04/11/90 3.1 2.7 13 2.5 0.4
0.15 69 6
Falls Lake 07/27/90 3.2 2.7 16 3.4 1.8
0.67 77 3
Falls Lake 11/19/90 3.3 2.5 24 4.3 1.0
0.40 87 2
Falls Lake 02/26/91 5.1 4.8 6 4.8 0.9 0.19
202 13
Mean 3.8 3.3 15 3.7 1.0
0.33
Samples were alum coagulated, settled, filtered, ozonated and chloraminated at pH 8.0 and a mass
dose ratio of 0.25 parts ammonia as N to 1 part chlorine, resulting in a total chlorine residual
of 1.0 mg/l after 48 hours.
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oxidants (Jensen, 1985). Fourth, monochloramine is a weak
oxidant that creates some substitution products, but produces
lower concentrations of TOX and THM than free chlorine
(Johnson and Jensen, 1986). Last, monochloramine reacts
slowly; thus, when preceded by a strong oxidant and primary
disinfectant such as ozone, monochloramine can provide long-
term disinfection in the distribution system.
Table 4.7 compares observations by other researchers with
those of the present study concerning the relationships
between chloramine consumption, TOX and THM production, and
the organic carbon content of the source water. Jordan and
Falls Lake samples consumed an average of 0.3 3 mg
monochloramine as Cl2/mg TOC. Chloramine consumption was less
than 1 mg as Cl2/mg TOC in each of the other studies, except
for the study by Fleischacker and Randtke (1983) which
involved a very high chloramine dose and long contact time.
Average TOX production by Jordan and Falls Lake ozone and
chloramine-treated samples was 27 ug TOX/mg TOC. Other
researchers found TOX production ranged from 11 to 3 6 ug/mg
TOC. Chloramination of the Jordan and Falls Lake samples
generated 1.3 ug THM/mg TOC, while other studies reported THM
formation from 0.6 to 13 ug/mg TOC. The THM content of the TOX
averaged only 4.2% in our samples; other waters produced from
3 to 3 0% of TOX as THM species.
Overall, Jordan and Falls Lake samples consumed less
monochloramine and produced lower concentrations of TOX and
Table 4.7
Chloramine and Byproduct Relationships
Comparison to Other Research
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Contact mgCI2 ugTOX ugTHM %TOX
Author and Time Consumed asCI- per asTHM

















Jensen et al., 1985
Fulvic Acid 9.0 24 0.36 NA NA NA
Amy etal., 1990
Conventional Pretreatment
Groundwater 1 10.0 1 0.30 32 11 31
Groundwater 1 10.0 96 NA 36 13 32
Groundwater 2 9.6 1 0.18 15 3.5 21
Groundwater 2 9.6 96 NA 29 3.8 12
Groundwater 3 9.5 1 0.47 23 5.4 21
Groundwater 3 9.5 96 NA 36 5.8 14
Jacangelo et ai., 1989
Conventional Pretreatment
Lake 1 - 03, NH2CI 8.2 0.08 15 1.3 7.9
Lake 2 - NH2CI
Lake 2 - 03. NH2CI
Lake 3 - NH2CI
Lake 3 - 03. NH2CI
9.0 20 0.94 31 10 29
9.3 20 0.71 11 1.5 11
7.6 24 0.29 20 1.4 6.6
7.8 24 0.33 16 0.6 2.8
Present Study
Conventional Pretreatment
N.C. Lakes - 03, NH2CI 8.0 48 0.33 27 1.3 4.2
All samples were chloraminated in excess of amount consumed.
NA; parameter not analyzed.
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THM than observed by chloramination of other treated waters.
This may be attributed to the following considerations. First,
the monochloramine byproduct precursor content of the lake
waters may not be as high as that of humic and fulvic acid
solutions. Second, precursors may have been substantially
removed by coagulation and filtration. Third, ozonation may
have oxidized byproduct precursors to some degree. Except for
the study by Jacangelo et al. (1989) , the reported results are
for chloramination alone, not chloramination preceded by
ozonation.
Because this study did not compare the formation of
byproducts from monochloramine alone to ozone and mono¬
chloramine, the study by Jacangelo et al. (1989) using similar
source waters and treatment processes may provide insight to
the beneficial effects of preozonation. Table 4.7 shows some
of the results of their research. Jacangelo and colleagues
(1989) found reductions of 60% for TOX and 85% for THM
concentrations in one utility by switching from chloramination
only to pre-ozonation and chloramination. However, only 10% of
TOX and 2 0% of THM formations were reduced for the same
process change at another treatment facility. In the same two
utilities, the THM concentrations were reduced from 29% to 11%
and from 7% to 3% of the TOX by the application of ozone
before chloramine addition. Haloacetic acids and
haloacetonitriles were also decreased with the addition of
ozone in both plants, but small increases in chloropicrin.
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haloketones, aldehydes and cyanogen chloride were observed.
This increase might be due to ozonation products such as
nitrophenols that become targets for chloramine substitution
reactions producing organic halides such as chloropicrin
(Duguet et al., 1985). The Jordan and Falls Lake ozonated and
chloraminated samples resulted in TOX and THM productions
similar to those found by Jacangelo et al., thus it is
possible that the Jordan and Falls Lakes samples may also have
contained these other compounds in the finished waters.
Chloramines have been shown to produce 2 0 to 4 9 percent as
much TOX formation as chlorine for equimolar doses of chlorine
in humic acid solutions and humic waters (Fleischacker and
Randtke, 1983; Chow and Roberts, 1981). Comparing the ratios
of chlorine or chloramine consumption and TOX and THM
formation in Tables 4.4 and 4.7 reveals that in the Jordan and
Falls Lake samples, 0.8 mg less Cl2/mg TOC was required for
disinfection by chloramines over chlorine, a 70% reduction. An
average 81 ug TOX/mg TOC was created by chlorine, compared to
27 by chloramine, resulting in a 67% reduction in TOX
formation by ozone/chloramine. Chlorination produced 30 ug
THM/mg TOC while chloramination formed only 1.3; this is a 96%
reduction in THM produced by the combination of
ozone/chloramine compared to that produced by chlorine alone.
Hence, ozone and chloramine disinfection effectively
reduced the THM and TOX production in Jordan Lake waters over
that of chlorine alone. Ozone is capable of effectively
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oxidizing many harmful SOCs and chlorinated byproduct
precursors, simultaneously minimizing the quantity of residual
disinfectant required and the formation of chlorinated DBFs.
However, the health effects and concentrations of ozone
byproducts are not well understood. Further assessment of the
formation of other byproducts associated with ozone and
monochloramine should be carefully addressed. The relative
cost of ozone treatment should also be considered as well as
the possible savings that might be achieved by a lowered final
disinfectant requirement.
4.6 Ames Bioassay Results
Tables 4.8 and 4.9 display the bioassay results and
statistics of samples that showed significant mutagenic
activity. The results of all bioassays are listed in Appendix
E. The reversion ratio of total revertant colonies per plate
divided by control plate revertants had to exceed a minimum
criteria of 2.0 for strain TA98 and 1.5 for strain TAIOO in
order to be considered significant. Regression analysis
correlation coefficients and p-values are reported to
demonstrate the reliability of the linear regression from
which the revertants-per-liter value was calculated. Samples
that did not meet the minimum reversion ratio criteria yet
exhibited a strong statistical dose-response are also listed
in Table 4.8. In general, a p-value less than 0.05 and an R^
close to 1.00 demonstrates significant dose-related
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Table 4.8
Ames Bioassay Results for Samples of Significant Mutagenic Activity
Jordan and Falls Lakes
Location        Sampling   Treatment   Strain      Reversion R-       p-Value     Revertants






A-B-C TA100-S 2.3 0.97 0.11 200
A TA98-S9 3.2 0.99 0.08 223
A-B-C TA98-S9 120 1.00 0.02 9416
TA98+S 25 0.98 0.08 3319
TA100-S 14 1.00 0.03 3370
TA100-1- 17 1.00 0.05 4724
A-B-F TA98-S9 2.4 1.00 0.01 107
TA100-S 1.6 1.00 0.02 154
A TA98-S9 2.5 0.98 0.09 80
A-B-F TA98-S9 3.0 1.00 0.02 184
(1): Treatment stage described by Figure 3.3:
A = Raw water sample
A-B-C = Coagulated, filtered and post-chlorinated sample
A-B-F = Coagulated, filtered and post-ozonated sample
A-B-F-G = Coagulated, filtered, ozonated and post-chloraminated sample
Table 4.9
Ames Bioassay Results for Samples of Significant Mutagenic Activity
Jordan Lake Tributaries and Finished Water from Treatment Plants
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Location Sampling Treatment Strain       Reversion R- p-Value Revertants
Date Stage (1)
A
-t-/-S9 Ratio Squared per Liter
Morgan Creek 07/02/90 TA98-S9 1.6 0.99 0.07 39
A-B-C TA100-89 1.9 0.92 0.18 247
New Hope 07/02/90 A TA98-S9 2.1 0.99 0.05 83
Creek TA100-I-S 1.5 0.59 0.44 90
A-B-C TA100-S9 1.7 (2) (2) 228
Northeast 07/02/90 A TA98-S9 3.1 0.36 0.59 -133 (3)
Creek
A-B-C TA98-S9 1.6 0.99 0.08 54
TA100-S9 1.5 0.22 0.69 101
Haw River 09/12/90 A-B-C TA98-S9 1.8 1.00 0.04 59
TA100-S9 2.1 0.98 0.10 347
Pittsboro 09/12/90 A TA98-S9 2.8 0.99 0.06 131
Water Plant TA98+S9 2.2 0.98 0.09 143
Raw Water TA100-S9 1.5 0.93 0.17 143
TA100+S 1.6 0.96 0.14 234
A-B-C TA98-S9 1.7 1 0.03 53
TA100-39 2.8 0.97 0.12 639
TAIOO-fS 1.5 0.90 0.20 190
Water Plant A 04/25/91 Finished TA98-S9 2.4 0.98 0.01 105
TA100-89 1.5 0.91 0.05 274
Water Plant B 06/23/90 Finished TA98-t-S9 2.1 0.77 0.32 104
Water Plant B 09/09/90 Finished TA100-S9 2.3 0.98 0.01 357
Water Plant B 04/26/91 Finished TA98-S9 1.7 0.99 0.01 99
TA100-39 1.4 0.91 0.05 239
(1): Treatment stage described by Figure 3.3:
A = Raw water sample
A-B-C = Coagulated, filtered and post-chlorinated sample
A-B-F = Coagulated, filtered and post-ozonated sample
A-B-F-G = Coagulated, filtered, ozonated and post-chloraminated sample
(2): Only two data points, so statistics could not be calculated.
(3): Sample demonstrated toxicity to this strain.
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mutagenicity. A p-value greater than 0.10 indicates scatter in
the data and a lowered confidence in the dose-response, or
that mutagenic activity has occurred but cannot be expressed
as a revertants-per-liter response.
Mutagenic activity has been detected in many chlorinated
drinking waters from surface water sources containing humic
materials. Chlorination products such as 3-chloro-4-
(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) have been
isolated in drinking waters at very low concentrations, and
account for a large proportion of the mutagenic activity in
the water (Kronberg et al., 1990).
Significant mutagenic activity was not detected in any of
the raw water samples from Jordan Lake. Only one of the
chlorinated samples exhibited mutagenicity; the May 1990
Jordan Lake chlorinated sample showed activity of 2 00
revertants per liter in TA100-S9 with marginal statistical
significance. None of the GAC-chlorinated, ozonated or ozone-
chloraminated samples were found to be mutagenic. Other
studies have found that waters treated by GAC and post-
chlorination, and by ozone followed with chloramination,
rarely displayed mutagenic activity (Huck, et al. , 1990,
Anderson et al., 1990).
The raw water samples collected from Falls Lake on April
11, 1990 and July 27, 1990 exhibited mutagenic responses in
strain TA98-S9 that was diminished by metabolic activation
with S9. Mutagenicity of the July sample was removed by
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conventional treatment and chlorination. However, the Falls
Lake sample collected in April 1990 demonstrated a large
increase in mutagenicity in both strains upon chlorination.
The extremely high number of revertants in TA98-S9 suggests
the presence of an anthropogenic mutagen. However, high
activities in both strains regardless of the presence of S9
may indicate laboratory contamination. The raw water sample
also displayed an unusually high degree of mutagenicity. The
mutagenic effects were not observed following GAC and chlorine
treatment. The ozonated Falls Lake samples of April and July,
both demonstrating raw water mutagenicity in strain TA98-S9,
exhibited an increase by ozonation in TA98-S9 in the July
sample and a decrease in the April sample. The April ozonation
also created a small amount of mutagenicity in TA100-S9. These
effects were not observed in either of the samples following
chloramination.
The raw water from three of the tributaries exhibited
mutagenicity in TA98-S9. Northeast Creek was toxic to the TA98
bacteria. The downstream Haw River sample did not exhibit
significant mutagenicity in either bacterial strain, but the
Pittsboro water plant raw water from upstream on the Haw River
demonstrated mutagenicity in both strains with and without
metabolic activation. The addition of S9 slightly increased
the number of revertants per liter in both strains. After
coagulation, filtration and chlorination, all of the creek and
river samples exhibited mutagenicity in TA100-S9. The degrees
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of activity in increasing order (rev/1) were Northeast Creek
(101), New Hope Creek (228) , Morgan Creek (247) , Haw River
(347) , Pittsboro treatment plant influent (639) . Northeast
Creek, exhibiting slight mutagenicity in TA98-S9 after
chlorination, had demonstrated toxicity in the raw water
extract response by TA98-S9, suggesting that coagulation,
filtration and chlorination removed the toxicity but created
mutagenicity. The Pittsboro treatment plant raw water
decreased in mutagenicity in strain TA98-S9 after coagulation
and chlorination; however, the Haw River sample developed
mutagenicity in this strain after chlorination when little was
detected in the raw water. The mutagenicity of the chlorinated
Pittsboro water decreased in both strains with the addition of
S9.
Mutagenicity in strains TA98-S9 and TA100-S9 was observed
in the April 1991 finished waters from both Water Treatment
Plants A and B and in TA100-S9 from a separate sample
collected at Plant B in September 1990. These activities were
all removed by the addition of S9. Mutagenic activity was
demonstrated in TA98+S9 in the June 199 0 finished water from
Plant B. Although mutagenicity is not regulated per se and the
relationship of bacterial genetic effects measured by the Ames
assay to human physiology is not clear, the fact that
mutagenicity is exhibited by these chlorinated drinking waters
should raise concern to water supply practitioners.
Considerations of alternative treatment technologies to lower
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disinfection byproducts as well as mutagenicity may be
necessary to meet future health regulations.
The observation that mutagenicity to TA100-S9 was
frequently detected in the treated chlorinated samples and
treatment plant finished waters is consistent with the
formation of known mutagenic chlorination products such as MX,
which are most active under these assay conditions.
The concentrations of mutagenic activity in each sample did
not correlate with chemical parameters or with mutagenic
activities in the other treated samples. Thus the bioassay
data was only used qualitatively. Overall, the tendency of
Jordan Lake water to exhibit mutagenicity either in the raw
water samples or following various forms of treatment was low.
However, the high mutagenic activities of the Jordan Lake
tributaries demonstrate that potentially harmful compounds
exist in the watershed and may be deposited into Jordan Lake.
Because of the unknowns associated with the fate of organic
chemicals in a lentic environment, it will be important to
design a water processing system that is continuously capable
of removing SOCs that may reach the raw water intake. In this
research, conventional treatment followed by GAC adsorption
and chlorine disinfection most consistently removed all
mutagenic activity. Ozone created mutagenicity in two Falls
Lake samples, but the activity was fully depleted by the
addition of S9 and by chloramination. Further studies should
be conducted to better evaluate the effect of ozone on
i-.i'^^»r.'»fji^i«tHitg»»M>^ji^MfW|!W' - ."."i'u'jfj^jjyjiyu.^.
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genotoxicity and on the long-term mutagenic removals by GAC
that is not at full adsorptive capacity.
4.7 summary of Results
Figure 4.13 compares the TOX and THM concentrations
produced in Jordan Lake water by each treatment sequence. The
significant difference in TOX formation between processes is
well illustrated. Ozone and chloramines produced less than
half of the TOX created by chlorine; the TOX produced by
chlorine following GAC treatment was 10% or less of the TOX
produced by chlorine alone. While the THM concentration formed
from chlorination alone exceeded 100 ug/1 on three occasions,
the maximum THM level observed in samples treated with both
GAC-chlorine and ozone-chloramine was 10 ug/1. Thus, either
advanced treatment process seems capable of consistently
meeting a stringent THM regulation. The GAC, at maximum
adsorptive capacity during these experiments, more effectively
removed TOX precursors than the ozone-chloramine treatment.
Mutagenic activity was observed in only one chlorinated
Lake sample. This demonstrates that humic substances, not
mutagenic in themselves, are present in the water and may form
mutagenic compounds upon chlorination. However, no mutagenic
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Figure 4.13
Jordan Lake Finished Water Quality Comparison:
Production of THM, TOX and Mutagenicity
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5.0 Conclusions and Recommendations
5.1 Conclusions
Jordan Lake raw water in the vicinity of the proposed Gary
intake in Segment III had an average TOC concentration of
about 7 mg/1. TOX concentrations of less than 50 ug/1 were
measured in the raw water samples, most likely derived from
the discharges of chlorinated wastewaters in the tributaries.
Falls Lake was similar in characteristics to Jordan Lake, with
average TOC and TOX concentrations of 8 mg/1 and 2 0 ug/1,
respectively. Mutagenic activity was not found in any of the
four Jordan Lake raw waters examined; however, two of the
Falls Lake samples demonstrated mutagenicity in TA98-S9, a
strain responsive to anthropogenic compounds.
The tributaries to Jordan Lake carried elevated
concentrations of TOX during the low flow months of July and
September. The presence of TOX concentrations of 60 to 194
ug/1 were measured in various streams near the entrance to the
lake. TOX was attributed to chlorinated discharges upstream.
The TOC concentrations of the tributaries, ranging from 6.7 to
9.5 mg/1, were not much different from those measured in the
lake. New Hope Creek, Morgan Creek and the Haw River at the
Pittsboro water plant intake exhibited mutagenic activity in
TA98-S9. The Pittsboro intake water also showed significant
activity in TA100-S9 and activity was not decreased by the
addition of S9. Northeast Creek water was toxic to TA98
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bacteria, so that mutagenicity could not be evaluated. The Haw
River sample near Jordan Lake did not show mutagenicity.
Alum coagulation, settling and filtration effectively
reduced the TOC concentrations by an average of 48% in all of
the samples. Removal of TOX from the raw water by coagulation
and filtration averaged 29%. Filtered water turbidities were
lowered to less than 0.13 ntu following coagulation with 30 to
45 mg/1 alum at pH 5.0.
Chlorination of Jordan and Falls Lake filtered water
resulted in THM concentrations greater than 100 ug/1 in four
out of eight samples. However, THM productions in this
laboratory study may be higher than that resulting at an on-
site water treatment plant where the lake water temperature is
lower during most of the year. Nevertheless, these results
indicate that high THM concentrations are a distinct
possibility if conventional treatment is practiced and free
chlorine is used as a final disinfectant. TOX levels ranged
from 220 to 499 ug Cl/1. Mutagenicity was produced in only one
of the Jordan Lake chlorinated samples, for TA100-S9. Falls
Lake displayed elevated mutagenic activity in one sample, and
removal of activity in another that was mutagenic before
coagulation.
Two local water treatment plants that apply conventional
treatment and post-chlorination had THM levels less than 100
ug/1 in finished water at the plant, but mutagenicity for
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TA100-S9 was found in three out of five finished water samples
collected from the two plants.
Chlorination of water from the Jordan Lake tributaries
formed THM and additional TOX concentrations beyond the amount
already present in the raw water. Up to 50% of the THM
content, by mass, consisted of brominated THM species; the
mass of bromide incorporated into THM species ranged from 17
to 53 ug Br/1. The source of this bromide is believed to be
inorganic bromide from industrial and chlorinated effluents
discharged into these tributaries. Mutagenic activity in
TA100-S9 was measured in all of the chlorinated tributary
samples, and three of the samples also showed activity in
TA98-S9. The addition of S9 decreased or eliminated the
activity.
The coagulated and filtered samples consumed an average of
1.1 mg chlorine per mg TOC. A correlation of TOX and THM
concentrations for the 17 chlorinated samples, including four
local water treatment plant finished waters, resulted in a
regression coefficient of 0.83 and suggests that about 33 ug
of THM were created for each 100 ug of TOX. About 81 ug of TOX
was created per mg of TOC, and about 3 0 ug THM per mg TOC, in
all of the samples.
GAC removed an average of 92% of the residual TOC
concentration following coagulation and filtration. The TOC
concentration in the column effluent was less than 0.6 mg/1
during all sample treatments. Chlorine consumption following
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adsorption averaged 2.5 mg of chlorine per mg post-adsorption
TOC, ranging from 0.7 to 4.5 mg of chlorine per mg of TOC.
Total organic halide production was consistently less than 4 0
ug Cl/1, and THM formation averaged 4 ug/1. Mutagenicity was
not detected in any of the chlorinated GAC-treated samples.
An average ozone consumption by the filtered samples of 1.0
mg of ozone per mg of TOC reduced the TOC concentration by an
average of 15%. Chloramine consumption ranged from 0.2 to 0.7
mg as Cl2 per mg of TOC following ozonation; the average
consumption of chloramine after ozonation was 0.3 mg as C12
per mg of TOC. The THM production was very low, averaging 6
ug/1 with a maximum of 13 ug/1. Formation of TOX was measured
between 69 and 2 02 ug Cl/1 with an average concentration of
103 ug Cl/1. Ozone produced mutagenicity in TA98-S9 in two
samples; the activity was subseguently eliminated by the
addition of S9,  and by chloramine addition.
Overall, conventional coagulation and filtration followed
by GAC adsorption and disinfection with free chlorine provided
the greatest removals of TOC and lowest production of TOX, THM
and mutagenicity. Ozone and chloramine resulted in very low
concentrations of THM and moderate levels of TOX. Post-
chlorination following conventional treatment consistently
produced concentrations of chlorinated byproducts that were
50% higher than those from ozonation and chloramination, and
9 0% greater than those when GAC-treatment preceded
chlorination.
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5.2 Recommendations for Further Research
Because toxicity and the presence of SOCs have been
measured in the Jordan Lake tributaries, it is important to
attempt to understand the fate of organic chemicals in this
lentic environment. Adsorption to particles and sedimentation
are major mechanisms of removal in a deep lake system.
However, seasonal lake turnovers may lead to desorption and
recirculation of settled contaminants. Thus, until assurance
can be provided that contaminants from the streams, even in
less than measurable quantities, are degraded or otherwise
prevented from travelling to the point of a drinking water
intake, effective management of pollutants in the watershed
must be undertaken through pollution control measures.
Even if point-source discharges are carefully regulated,
the nonpoint contribution to the nutrient and anthropogenic
load to Jordan Lake will continue to increase in the years
ahead. It will be important to quantify this contribution and
the organic reactions of accompanying pollutants in order to
control lake water quality. Models are currently being
developed to simulate these types of reactions in order to
evaluate the effectiveness of different quality control
measures. It would be helpful to develop such a model for
Jordan Lake, especially since many communities may soon use
the lake as a drinking water source.
The present study evaluated drinking water treatment
methods using four batch samples of Jordan Lake water. In
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order to verify the findings of this study and develop process
design criteria, a continuous-flow pilot study applying the
same treatment processes should be conducted. Raw water
quality throughout the year and its response to these
treatments could be examined, providing greater assurance of
consistency in finished water quality. Process alternatives
such as biological activated carbon might also be evaluated
through the pilot studies. Finally, specifications for the
water treatment plant design may be tested through
dimensionally-scaled continuous-flow operational units.
Progress is being made towards identifying the reaction
products of treatment chemicals and organic compounds in
water. Toxicological work, however, is far behind. The Ames
bioassay is a useful short-term test for genotoxicity, but its
applicability to human physiology is not well established.
There is great need for other short-term tests that may more
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Apendix A: Batch Reactor Design and Velocity Gradients
The batch coagulation reactor dimensions are displayed in
Figure A-1. The wall baffles and paddle were designed to
achieve a high velocity gradient (G) during chemical addition
rapid mix, and a decreasing tapered G during flocculation to
proportion the shear stress of the paddle to the growing floe
size.
G in units of s"^ represents the average difference in
velocities between moving particles or average shear rate. G
is proportional to the rate of particle aggregation in
turbulent flow by this equation:
dN^/dt = -KGGn^ (A-1)
where N^ is the total concentration of particles, © is the
volume of particles per volume of solution, and K is a system
dependent constant that must be determined experimentally
(Harris, et. al., 1966). G is also proportional to the power
applied to the water by the impeller blade, P, per unit
volume, V:
P/V = /iG^ (A-2)
where /; = viscosity of the fluid (Camp and Stein, 1943) . Under
turbulent conditions, the following relationship for power
input was developed:
P = 0Qn^D^ (A-3)
where 0 = impeller power number for system (unitless), Q =
fluid   density   (mass/volume),   n  =   impeller   speed
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(revolutions/time), and D = impeller diameter (Rushton et.
al.,1950). The power number  is a function of the reactor and
impeller dimensions and the Reynolds number, N,^, and curves
have been developed that relate     and N,j by reactor
characteristics.
Reynolds number describes the relative turbulence of flow




Reynolds numbers for the mixing speeds and conditions found in
the reactor are displayed in Table A-1. Power numbers for a
flat vertical axis single paddle reactor similar in dimensions
to this reactor were determined experimentally for several
Reynolds numbers (Cornwell and Bishop, 1983). The resulting
power numbers
for corresponding degrees of turbulence found in this system
are listed in Table A-1. Combining equations A-2 and A-3 and
rearranging, G can be thus represented:
0nVQ  %
AiV  .
The resulting values for G using this method, listed in Table





Batch Reactor Velocity Gradients
Rotational. Speed Reynolds Number Power Number G
RPM RPS Nr 0 S-1
80 1.33 7.8 X 10^ 4 260
45 0.75 4.4 X 10^ 4 110
30 0.50 2.9 X 10^ 4 60
15 0.25 1.5 X 10*^ 4 21
12 6
Appendix B: GAC Column Design
Because the project's goal of GAC filtration was to achieve
maximum adsorption, conservative parameter estimates were used
to design column. The criteria selected for design were an
empty bed contact time (EBCT) of 10 minutes, an aspect ratio
greater than 20, and a common large-scale velocity through the
bed of 5 meters per hour.
The aspect ratio relates column diameter to average carbon
particle diameter and is met to prevent short-circuiting in
the column. A seive analysis of the Calgon Filtrasorb 4 00 GAC
is presented in Figure B-1. 60% of the carbon particles are
finer than 1.00 mm; the aspect ratio dictates that the column
diameter must be at least 2 cm in diameter. The selected
project column has diameter of 4.5 cm resulting in a column
aspect ratio of 45, thus minimizing short-circuiting.
Having  selected  an EBCT,  fluid velocity and  column
diameter, the column geometry and flow rate can be calculated:
EBCT = Vg  where Vg = volume of GAC bed.
Q
Q = vA =[5 m/h * 100 cm/m * 1/60 h/min] * [(4.5 cm)^
/4]
= 133 cm^/min
Vg =   13 3   cm^/min   *   10  min
=  1.33   1
Bed Length, Lg = Vg/A = 83 cm




g = 0.4 g/cm^
Thus the mass of carbon in the column needed to meet these
criteria was:
'^GAC = 1 B^B = 1-^^ ^^"'^ * ^-"^ g/crt? = 53 0 g
A Langmuir adsorption isotherm developed for TOC adsorption
from alum coagulated water was used to estimate the time until
breakthrough (tg) that could be expected for this column (Lee
et.al., 1981). The largest TOC concentration fed to the column
(Cq) was 4.5 mg/1. The corresponding surface concentration (q^)
by this isotherm is 4 0 mg TOC removed/g GAC. Thus the
adsorptive capacity before breakthrough expressed as bed
volumes fed (BVF) can be calculated:
BVF = _goEB- = 4° irig/g * 0-4 g/cm^ / 4.5 mg/1
Co
= 3560 (unitless)
and time until breakthrough is:
tg = BVF * EBCT = 35600 min = 593 hours.
At a flow rate of 132 ml/min, 4700 liters of this sample can
be filtered before the column is exhausted.
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Appendix C: Trihalomethane Chromatography
2  of  DATA:014GA06A.D
K550








End of plot. Time =   0.00 to  23.80 ninutes     Chart speed =  0.84 cm/nin
  Area Percent ***
Report by Signal
Operator: JEC 17 May 91 17 May 91   7:19 pm
Method File Name : KATIE.M
Sample Info : STD 5 5 ug/1
M i s c I n f o :
Integration File Name : DATA:014BA0GA.I
consisting of channels : 1.     GC Signal 2      of 014GA0SA.D
Bottle Number : B    Repetition Number: 1
SC Signal 2     of
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16.8537 8.059 41 .76
1.3467 0.3G1 1 .87
1.2094 1.505 7.79




0.8687 0.255 1 .52
0.777B 0.5B9 2.95
. 8.9280 3.842 19.88
0.8432 0.370 1 .91
1.1776 0.403 2.08
0.8429 0.500 1 .55
2.2184 0.660 5.41
2.7551 1 .071 5.54
2.853B 1 .455 7.54
53.3859 19.324 100.00
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Appendix D: Ames Bioassay Results
HCTaylor-Jordan Lake
Procedures
Extraction Raw and treated waters were stored at 4 degrees C vmtil extraction (less
than 2 days for chlorinated and ozonated samples, less than one week for raw
water). Chlorinated samples were not quenched, as this has been shown to reduce
mutagenicity of treated samples (see discussion of technical issues).
Five liters of each raw or treated sample were extracted at ambient (or treatment)
pH, adjusted to pH 2 with HCl and extracted again. The total volume was divided
into 2.5 1 aliquots into a 4 1 separatory funnel and shaken for 30 seconds with 100 ml
methylene chloride (Baxter, B & J High Purity), 2 times at each pH. The total 800 ml
extract was dried completely by rotary evaporation at about 40 degrees C, stored at 4
degrees and resuspended in 2 ml sterile DMSO (Baxter, B & J High Purity) just prior
to performance of the Ames Assay.
Ames Salmonella Plate Incorporation Assay   Ames assays were performed as
described before (Ames, 1975; Moran and Ames, 1983) in duplicated on three 2-fold
dilutions of the DMSO dissolved extracts.  Salmonella strains TA98 (sensitive to
base substitutions) and TAIOO (sensitive to frameshifts) were obtained from B. Ames
and used to assay all extracts with and without aerochlor induced rat liver S9
microsomal metabolic activation ( ). Positive controls
included: for TA98 without S9, 2-nitrofluorene; for TA98 and TAIOO with S, 2-
anthramine; for TAIOO without S9, sodium azide.  Solvent (negative) controls were
also performed in duplicate for each strain and S9 condition.  Onto plates containing
25 ml of solidified minimal agar was spread approximately 2.5 ml liquified top agar
to which had been added 100 ul of DMSO-dissolved water extract or control, 100 ul
of overnight culture of strain TA98 or TAIOO containing 1-2 x 10?    organisms per
ml and, where required, 500 ul of reconstituted S9 preparation.   Plates were counted
after 48 hours by hand or with an Artek 880 Image Analyzer, with random hand
counts to check reliability.
Data Analysis Numbers of revertant colonies were averaged for duplicate plates,
except for cases of clear anomalies, mispourings etc. A reversion ratio (highest
number of revertant colonies per plate for each sample divided by spontaneous
revertants on the solvent control plates). In each case where this ratio exceeded 2.0
for TA98 tests or 1.5 for TAIOO tests, regression alalysis was performed on the dose
response data with the program STATVIEW 512 (Brainpower, Inc., 1986).
The slope of the fitted regression line on a plot of revertants/plate vs. dose (as
equivalent volume extracted) is equal to the mutagenic activity in revertants/l of
the sample under the stated test conditions. In order to evaluate the statistical
reliability of the calculated slopes we report them along with R2  (correlation
coefficient, a measure of the scatter of the data) and p-values (the probability of a
slope or mutagenic activity less than zero). In general, a p-value of less than 0.05
indicates very significant mutagenic activity, whereas a p-value of greater than 0.10
shows that the mutagenicity cannot be estimated with sufficient confidence either
due to scatter in the data or a small differences in numbers of revertants with dose
or both. In a few cases were reversion ratios did not quite meet our initially stated
minimum criteria, we still found statistically significant mutagenicity and so have
included these results in the table.
RESULTS
Treated Jordan Lake water samples orUy produced genotoxicity as detected in the
Ames assay on isolated occasions.  In only one conventionally chlorinated sample
.(collected 5/23/90) was any mutagenic activity found at the very low end of what has
been found for local drinking waters (Ravi et al) and of marginal statistical
significance (p=0.11) Ozonation of the 10/10/90 sample resulted in a substantial
activity in TAIOO with and without 59 activation. This suggests the creation of an
oxidized species during ozonation is a direct mutagen and not subject to further
oxidation by S9. The reason for the lower TAIOO activity upon chloramination of
this sample is not dear, but may be due to reductive amination (?) of a reactive
epoxide. Late fall and winter samples, when raw water quality is generally best, did
not yield any mutagenic activity with any of the treatment trains.
In contrast. Falls Lake spring (4/11/90) and svmimer (7/27/90) raw water samples
showed low but significant activity in TA98-S9, tjq^ical of anthropogenic sources.
The high mutagenicity seen in the chlorinated 4/11/90 sample is not consistent with
the pattern usually found for chlorinated waters, ie., lowest activity in TA100-S9.
The highest activity in TA98-S9 is strongly suggestive of an anthropogenic source,
possibly even laboratory contamination.  Ozonation results in low but significant
activity in both TA98 and TAIOO without 89. No mutagenicity was observed in any
of the samples from either lake which had been GAC filtered and post-chlorinated.
All tributaries of Jordan Lake tested manifested some raw water mutagenicity i
TA98 without 59, except for Northeast Creek (which was toxic to the bacteria in the
ͣ'^^"'^p^^R?^"*^^^*^
concentrations used) and the Haw River sample taken from just above the Lake.
When these samples were conventionally treated with chlorination, all extracts
were mutagenic in TAIOO - S9, ranging as high as 600 revertants per liter in lab-
treated Pittsboro water.
Finished waters from Northside and OWASA plants produced from 0 to 357
revertants per liter in TAIOO - S9.   Raw waters from both lakes were also
chlorinated without prior coagulation, settling or filtration, to examine a "worst-
case" scenario for mutagen production. TOC levels were far higher than for finished
waters, and therefore would be expected to yield significantly higher mutagenicity
upon chlorination.  Surprisingly, these raw chlorinated samples gave TAIOO - S9
activities that were similar or only slightly higher than the conventionally treated
samples "C" for both lakes.
JORDAN LAKE MUTAGENICITY
05/23/90
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FALLS LAKE MUTAGENICITY
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JORDAN LAKE TRIBUTARY MUTAGENICITY
Sample date   Treatment     Test Rev. Ratio    R-squared    p-value    Rev./I
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